Adjustable speed drives laboratory based on dSPACE controller by Gunda, Kiran Kumar
Louisiana State University
LSU Digital Commons
LSU Master's Theses Graduate School
2008
Adjustable speed drives laboratory based on
dSPACE controller
Kiran Kumar Gunda
Louisiana State University and Agricultural and Mechanical College, kgunda1@lsu.edu
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_theses
Part of the Electrical and Computer Engineering Commons
This Thesis is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in LSU
Master's Theses by an authorized graduate school editor of LSU Digital Commons. For more information, please contact gradetd@lsu.edu.
Recommended Citation
Gunda, Kiran Kumar, "Adjustable speed drives laboratory based on dSPACE controller" (2008). LSU Master's Theses. 2301.
https://digitalcommons.lsu.edu/gradschool_theses/2301
ADJUSTABLE SPEED DRIVES LABORATORY BASED ON DSPACE 
CONTROLLER 
 
 
 
 
 
 
 
 
 
 
 
 
A Thesis 
Submitted to the Graduate Faculty of the 
Louisiana State University and 
Agricultural and Mechanical College 
in partial fulfillment of the 
requirements for the degree of 
Master of Science in Electrical Engineering 
 
in 
 
The Department of Electrical & Computer Engineering 
 
 
 
 
 
 
 
 
 
 
 
 
by 
Kiran Kumar Gunda 
Bachelor of Technology, Jawaharlal Nehru Technological University, 2005 
August 2008 
 Dedicated to my dearest parents  
and 
Tom 
 
ii 
 
 Acknowledgements 
I would like to express my gratitude to my advisor, Dr. Ernest A. Mendrela for his constant 
encouragement and guidance throughout the research. His technical advice and expertise in the 
field helped me to cross all the hurdles towards the successful completion of this thesis. I would 
also like to thank him for being patience with me during my thesis and write up. 
 
I would like to thank my committee members Dr. Martin Feldman and Dr. Hsiao-Chun Wu for 
sparing time out of their busy schedule and agreeing to be a part of my committee. I would like 
to thank Thomas N. Walsh for supporting me during my stay at LSU and providing me lot of 
courage and encouragement to achieve success in my thesis and in my real life. 
 
I can’t express myself how thankful I am to my parents for their support and love provided by 
them throughout my life. I would like to thank my dearest cousin Sudheer Pinna and my sister-
in-law Hymavathi Pinna for their constant encouragement and continuing advice. 
 
I owe a lot to my roommates Ashok and Ramana for their support in finishing my most 
prestigious thesis and I would also like to thank all my friends at LSU who made my stay at LSU 
pleasant and enjoyable. 
iii 
 
 Table of Contents 
Acknowledgements  iii 
List of Tables . vii 
List of Figures  viii 
Abstract  xiii 
Chapter 1. Introduction  1 
1.1 Overview of the Thesis  1 
1.2 Objectives of the Thesis  5 
1.3 Outline of the Thesis  6 
Chapter 2. Experiment 1 – Building a Simple Dynamic Model in Simulink  7 
2.1 Introduction  7 
2.2 Theoretical Background  7 
2.3 Modeling a Mechanical System in Simulink  8 
 2.3.1 Simulink Model with Inertia Only  8 
 2.3.2 Mechanical Model with Friction  10 
 2.3.3 Mechanical System with Modified Load  11 
2.4 Conclusion  14 
Chapter 3. Experiment 2 – Building a Simple Real-Time Model in Simulink  15 
3.1 Introduction  15 
3.2 Model Description  15 
3.3 Simulation in Simulink  16 
3.4 Real-Time Modeling Using dSPACE  17 
3.5 Conclusion  21 
Chapter 4. Experiment 3 – Switch-Mode DC Converter and No-Load DC Motor Test  22 
4.1 Introduction  22 
4.2 Theoretical Background  22 
 4.2.1 Pulse Width Modulation (PWM) of Switching Power Pole  23 
 4.2.2 Duty Ratio and Switching Function of Single-Pole Converter  24 
 4.2.3 Two-Pole Converter Model  24 
4.3 Simulation of Switch-Mode Converter in Simulink  25 
4.3.1 Simulink Model for Single-Pole Converter   25 
4.3.2 Simulink Model for Two-Pole Converter   27 
4.3.3 Implementation of Two-Pole Converter Model in Real-Time  27 
4.4 Speed Control of DC Motor in Open-Loop  30 
 4.4.1 Real-Time Simulink Model for No-Load DC Motor Test  30 
4.5 Results of No-Load DC Motor Test  32 
iv 
 
 4.6 Conclusion  34 
Chapter 5. Experiment 4 – Determination of DC Motor Parameters  35 
5.1 Introduction  35 
5.2 Steady-State Characteristics of DC Motor Drive  35 
5.2.1 Theoretical Background  35 
5.2.2 Simulink Model for Determining Steady-State Parameters  36 
5.2.3 Determination of Steady-State Parameters  37 
5.3 Dynamic Characteristics of DC Motor Drive  43 
5.3.1 Theoretical Background  43 
5.3.2 Simulink Model for Dynamic Parameters Determination  46 
5.3.3 Inductance Determination  48 
5.3.4 Determination of Moment of Inertia  50 
5.4 Conclusion  51 
Chapter 6. Experiment 5 – DC Motor Control  53 
6.1 Introduction  53 
6.2 Simulink Model of DC Motor with Current and Speed Controller  53 
6.3 Real-Time Implementation of Feed back Control of DC Motor  61 
6.4 Conclusion  61 
Chapter 7. Experiment 6 – Four-Quadrant Operation of DC Motor  63 
7.1 Introduction  63 
7.2 Simulink Model of Four-Quadrant Operation of DC Motor  63 
7.3 Four-Quadrant Operation of DC Motor in Real-Time  64 
7.4 Conclusion  70 
Chapter 8. Experiment 7 – Determination of Induction Motor Parameters  71 
8.1 Introduction  71 
8.2 Theoretical Background  72 
8.3 Simulink Model and Real-Time Implementation  75 
8.4 Determination of Induction Motor Parameters  77 
8.5 Conclusion  81 
Chapter 9. Experiment 8 – V/f Speed-Control of Three-Phase Induction Motor  83 
9.1 Introduction  83 
9.2 Real-Time V/f Speed-Control of Three-Phase Induction Motor  84 
9.3 Determination of Torque-Speed Characteristics  86 
9.4 Speed-Control of Three-Phase Induction Motor at Constant V/f Ratio  89 
9.5 Conclusion  92 
Chapter 10. Conclusions and Future Scope of Study  93 
10.1 Conclusions  93 
10.2 Future Scope of Study  94 
v 
 
 References  95 
Vita  96 
vi 
 
 List of Tables 
Table 4.1 No-load measurement  32 
Table 5.1 Steady–state experimental data  39 
Table 5.2 Steady-state parameters  41 
Table 5.3 Average values of motor parameters  41 
Table 5.4 Steady-state friction model characteristics  42 
Table 5.5 Mechanical steady state parameters  42 
Table 9.1 Torque-speed characteristics for different supply frequency  87 
Table 9.2 Calculated parameter m and c  89 
Table 9.3 Average value of slope (m) and intercept (c)  89 
Table 9.4 Measured speed values using the slip compensator  92 
vii 
 
 List of Figures 
Figure 1.1 Schematic diagram of DSP based electric-drive system setup  2 
Figure 1.2 Motor system  2 
Figure 1.3 Power electronics drive board  3 
Figure 1.4 CP1104 I/O board  4 
Figure 1.5 DSP based electric-drive system  5 
Figure 2.1 Rotating mechanical system  8 
Figure 2.2 Simulink model for rotating mechanical system  8 
Figure 2.3 Simulation parameter settings  9 
Figure 2.4 Simulation results  9 
Figure 2.5 Simulink model for rotating mechanical system with friction  10 
Figure 2.6 Simulation results in steady-state for model including friction  11 
Figure 2.7 Simulink model for mechanical system with step changing load  12 
Figure 2.8 Simulation results for step changing load  12 
Figure 2.9 Simulink model for mechanical system with speed depending load  13 
Figure 2.10 Simulation results for speed depending load  13 
Figure 3.1 Simulink model of second order system  16 
Figure 3.2 Simulation results of second order system  16 
Figure 3.3 Real-time Simulink model of second order system  17 
Figure 3.4 Control desk layout of second order system  18 
Figure 3.5 Real-time simulation settings in Control desk  18 
Figure 3.6 Real-time simulation result for slider gain = 1  19 
Figure 3.7 Control desk plot for gain = 2.5  19 
viii 
 
 Figure 3.8 Control desk plot for gain = 0.5  20 
Figure 3.9 Control desk plot for gain = 4  20 
Figure 4.1 Power-pole as a building block of power electronic converters  23 
Figure 4.2 Two-pole converter  23 
Figure 4.3 Waveforms during a switching  24 
Figure 4.4 Switch mode DC converter for electric-drive  25 
Figure 4.5 Simulink model for switching function and duty ratio generation of single-pole 
converter  26 
Figure 4.6 Switching function qA and duty ratio dA  27 
Figure 4.7 Two-pole converter model  28 
Figure 4.8 Two-pole converter model with Vout = +10V  28 
Figure 4.9 Two-pole converter model with Vout = -10V  29 
Figure. 4.10 Two-pole converter model in real-time  29 
Figure 4.11 Real-time model for no-load motor test  31 
Figure 4.12 Averaging block  32 
Figure 4.13 Current and speed of DC motor at V_motor = 40V displayed in Control  
desk  33 
Figure 4.14 Voltage vs. speed characteristic at no-load  33 
Figure 5.1 Machine set model  36 
Figure 5.2 Real-time Simulink model for motor and load control  37 
Figure 5.3 Control desk layout of real-time Simulink model for motor and load control  38 
Figure 5.4 Speed vs. armature current characteristics for motor voltage supplied by different 
voltages  40 
Figure 5.5 Torque-speed characteristic of steady state friction model  42 
Figure 5.6 Current response at standstill ሺ߱௠ ൌ 0ሻ  44 
ix 
 
 Figure 5.7 Speed response when the system is made to shut down  45 
Figure 5.8 Simulink model for dynamic parameter determination  47 
Figure 5.9 Control desk layout for dynamic parameters determination  47 
Figure 5.10 Armature current response for a step changed voltage V_M = 3V  49 
Figure 5.11 Speed of the DC motor when the system is made to shutdown  51 
Figure 6.1 Simulink model of DC motor  54 
Figure 6.2 PI current controller  55 
Figure 6.3 Simulink model of DC motor with current controller  55 
Figure 6.4 Current waveform for Ia_ref = 1 A  56 
Figure 6.5 Speed waveform for Ia_ref = 1 A  56 
Figure 6.6 PI speed controller  58 
Figure 6.7.a Simulink model of DC motor with cascade control for step changing load  58 
Figure 6.7.b Simulink model of DC motor with cascade control for constant load  58 
Figure 6.8 Current waveforms for step change in load  59 
Figure 6.9 Speed waveforms for step change in load  59 
Figure 6.10 Current waveforms for step changing speed at constant load  60 
Figure 6.11 Speed waveforms for step changing speed at constant load  60 
Figure 6.12 Real-time Simulink model of cascade control of DC motor  61 
Figure 6.13.a Current controller with external reset  62 
Figure 6.13.b Speed controller with external reset  62 
Figure 6.14 Speed and current waveforms for step change in speed  62 
Figure 7.1 Simulink model for four-quadrant operation of DC motor  64 
Figure 7.2.a Current and voltage waveforms of four-quadrant operation of DC motor  64 
x 
 
 Figure 7.2.b Speed waveform of four-quadrant operation of DC motor  65 
Figure 7.3 Real-time Simulink model for four-quadrant operation of DC motor  65 
Figure 7.4 Speed measurement subsystem  66 
Figure 7.5 Speed controller subsystem  66 
Figure 7.6 Current controller subsystem  67 
Figure 7.7 Duty cycle generation subsystem  67 
Figure 7.8 Control desk layout for four-quadrant control of DC motor  68 
Figure 7.9 Diagram of four quadrant mode of DC motor operation  69 
Figure 7.10 Forward and reverse motoring operation  69 
Figure 8.1 Circuit diagram for the characterization of a three phase induction motor  71 
Figure 8.2 Per-phase equivalent circuit of three-phase induction motor  72 
Figure 8.3 Per-phase equivalent circuit at synchronous speed (s = 0)  73 
Figure 8.4 Equivalent circuit of induction motor: (a) – for rated condition, 
(b) – for blocked rotor test  74 
Figure 8.5 Simulink model for characterization of induction motor  76 
Figure 8.6 Duty cycle generation of three-phase induction motor  77 
Figure 8.7 Control desk layout for motor parameters determination  78 
Figure 8.8 Voltage and current waveforms at synchronous speed  79 
Figure 8.9 Voltage and current waveforms of blocked rotor test  81 
Figure 9.1 Real-time Simulink model for V/f speed-control of induction motor  84 
Figure 9.2 Simulink model of f_ref_slip_comp sub-system block  85 
Figure 9.3 Control desk layout for V/f speed control of induction motor  85 
Figure 9.4 Machine set model  86 
Figure 9.5 Torque-speed characteristics for different f_ref  88 
xi 
 
 xii 
 
Figure 9.6 Machine set model for speed-control of induction motor  90 
 Abstract 
This thesis refers to the EE 4490 Adjustable Speed Drives course, which is taught at Louisiana 
State University (LSU). The part of this course is variable speed AC and DC drives laboratory. 
The objective of this thesis is to modify the existing DSP Based Electric Drives Lab Manual 
developed by Department of Electrical and Computer Engineering, University of Minnesota in 
order to adjust it to the EE 4490 course syllabus and to verify the experiments by carrying out the 
tests on the lab equipment available at the Elec. & Comp. Eng. Dept at LSU. 
There are four major components, of the available lab equipment, which are used to perform all 
the lab experiments: Motor Coupling System, Power Electronics Drive board, DSP based 
DS1104 R&D controller and CP 1104 I/O board. 
The DS1104 R&D controller is programmed applying the Matlab/Simulink software and with 
the use of CP 1104 I/O board and Power Electronics Drive board the motor-load set is 
controlled. 
The thesis consists of two parts: 
- EE 4490 Adjustable Speed Drives Laboratory based on dSPACE controller Lab Manual, 
- Lab Report. 
The first part gives students the detailed introduction to lab experiments. The second part 
contains the results obtained from the experiments. 
The lab manual consists of eight experiments: 
- The first two experiments: Expt. 1 and Expt. 2 introduce students to modeling the 
dynamics of the system in Simulink (Expt. 1) and next, to model it in real-time and to 
xiii 
 
 xiv 
 
perform the experiment using the dSPACE controller together with the Control desk 
(Expt. 2). 
- The Experiments 3 – 6 allow to learn students how to design the current and speed 
controllers for DC PM motor drive, to test them by modeling the whole DC drive system 
in Simulink and next, to control the system in real-time. 
- The last two experiments (Expts. 7 and 8) concern the characterization and V/f speed 
control of induction motor. 
By performing all lab experiments students can learn how to build simple dynamic model in 
Simulink/Matlab to more complex systems such as feed-back control of DC motor drive and V/f 
speed control of induction motor. 
 
 Chapter 1 
Introduction 
1.1 Overview of the Thesis 
The thesis project relates directly to the EE 4490 course, Adjustable Speed Drives, which is 
taught at Louisiana State University. According to the Catalog Data this course offers 2 hrs. 
lecture and 2 hrs. lab. 
Referring to the Course Syllabus the course objectives are: 
The course will give students a basic knowledge about electric drives based on DC and AC 
motors. The speed control of electric motors accomplished by power electronic converters 
(controlled rectifiers and inverters) will be analyzed using the computer simulation. Students will 
learn how to design electric drives with speed, position and torque controllers. A practical 
implementation of designed controllers will be during the lab experiments. 
The study objects of this course are electric drives based on DC and AC motors. The main 
objective of this course is a speed control. It will be accomplished by power electronics 
converters and speed controllers. The lab experiments, which are the integral part of the course, 
are focused on practical implementation of controllers earlier designed and tuned using 
Matlab/Simulink. 
The electric drive system is based on DSP controller and there are four major components (see 
Fig. 1.1), which will be used to perform all the experiments in this course: 
• Motor coupling system (Fig. 1.2) 
This system contains the motor that need to be characterized/controlled. The system has a 
mechanical coupling arrangement to couple two electrical machines. The motor under 
test or whose speed/torque needs to be controlled could be either a DC motor or three-
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 phase induction motor. The system also has an encoder mounted on the machine to 
measure the speed. It can be used for closed loop feedback speed control of the motor. 
The motor demands a controlled pulse-width modulated (PWM) voltage to run at desired 
speed or torque. 
 
Figure 1.1 Schematic diagram of DSP based electric-drive system setup [3] 
 
Figure 1.2 Motor system 
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 • Power Electronics Drive Board (Fig. 1.3) 
This board has the capability to generate two independent PWM voltage sources (A1 B1 
C1 and A2 B2 C2) from a constant DC voltage source. Hence, two machines can be 
controlled independently for independent control variables, at the same time. This board 
also provides the signals of phase currents, DC bus voltage etc. to control the motor for a 
desired speed or torque. In order to generate the controlled PWM voltage source, this 
board requires various digital control signals. These control signals dictates the 
magnitude and phase of the PWM voltage source. They are generated by the DS1104 
R&D controller board inside the computer. 
 
Figure 1.3 Power electronics drive board 
• DSP based DS1104 R&D controller card and CP 1104 I/O board (Fig. 1.4) 
In each discrete-time step, the DS1104 controller card takes some action to generate the 
digital control signals. The type of action is governed by what we have programmed in 
this board with the help of Matlab/Simulink real-time interface. This board monitors the 
input (i.e. motor current, speed, voltage etc.) with the help of the CP1104 I/O board in 
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 each discrete-time step. Based on the inputs and the variables that need to be controlled 
(i.e. motor speed or torque) it takes the programmed action to generate the controlled 
digital signals. The CP1104 I/O board is an input-output interface board between the 
Power Electronics drives board and also, speed signal (from encoder) from motor 
coupling system, to the DS1104 controller card. In turn, the controlled digital signals 
supplied by DS1104 controller card are taken to the Power Electronics drives board by 
CP1104. 
 
Figure 1.4 CP1104 I/O board 
• Matlab/Simulink and Control desk (Programming DS1104 and control in real-time) 
Simulink is a software program with which one can do model-based design. The I/O 
ports of CP1104 are accessible from inside the Simulink Library browser. Creating a 
program in Simulink and procedure to use the I/O port of CP 1104 will be detailed in 
experiments. When the Simulink model is built in real-time the model is converted into a 
real-time system on hardware (DS1104). Simulink generates a *.sdf file when the model 
is converted into real-time. This file gives access to the variables of Simulink model in 
Control Desk software. In this software a control panel can be created, which allow 
changing the variables of Simulink model in real-time in order to communicate with 
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 DS1104, and hence, can change the reference quantities such as speed or torque of the 
motor. 
The whole DSP-based electric drives system is shown in Fig. 1.5  
The laboratory system was designed at the Department of Electrical and Computer Engineering, 
University of Minnesota. The group conducted by Prof. Ned Mohan designed the lab 
experiments and wrote the Lab Manual [3]. The aim of this project is to adapt this manual to the 
needs of the EE 4490 course these experiments by modifying it and by verifying the experiments 
using the available in the ECE Department lab equipment. 
 
Figure 1.5 DSP based electric-drive system 
1.2 Objectives of the Thesis 
• To modify the existing DSP-Based Electric Drives Lab Manual in order to adapt it to the 
EE 4490 course syllabus. 
• To verify the experiments by carrying out the tests on the available lab equipment. 
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 1.3 Outline of the Thesis 
The Thesis consists of two parts: 
• Lab Manual to EE 4490 Adjustable Speed Drives course 
• Thesis 
The first part is primarily based on DSP Based Electric Drives Laboratory User Manual prepared 
by the Department of Electrical and Computer Engineering at University of Minnesota, and 
which was adapted to the needs of EE 4490 course – Adjustable Speed Drives, which is taught at 
Electrical and Computer Engineering Department, Louisiana State University. 
The second part (this thesis) is the lab report on the eight experiments carried out on the DC and 
AC drives. In both the parts the first two experiments: Experiment 1 and Experiment 2 introduce 
the users to Matlab/Simulink modeling and DSP programming of electric drives. The 
Experiments 3 – 6 are on modeling and testing of DC variable speed drives based on PM DC 
motors. The last Experiments 7 and 8 concern the induction motor speed control 
The Thesis ends with the conclusions deducted from the lab experiments. 
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 Chapter 2 
Experiment 1 – Building a Simple Dynamic Model in Simulink 
2.1 Introduction 
Simulink tool in Matlab helps to represent the dynamic problem using interconnected blocks and 
has the capability to view the solution using graphs and plots. In this experiment using Simulink 
a continuous time system is built in graphical way using interconnected blocks. This system 
helps to understand the mechanical interactions of the rotating system consisting of a motor and 
load. 
2.2 Theoretical Background 
A simple model of rotating mechanical system is developed for the following set of equations 
with the help of Simulink tool in Matlab [1]: 
– inertia torque 
௃ܶ ൌ ெܶ െ ௅ܶ                                                                                                     ሺ2.1ሻ 
– equivalent mom nt ee of in rtia 
ܬ௘௤ ൌ ܬெ ൅ ܬ௅                                                                                                     ሺ2.2ሻ 
– acceleration 
ܽ ൌ ௃ܶ
ܬ௘௤
                                                                                                               ሺ2.3ሻ 
– angular speed 
߱௠ ൌ න ܽ . ݀ݐ                                                                                                   ሺ2.4ሻ 
– rotor position 
ߠ ൌ න ߱௠ . ݀ݐ                                                                                                    ሺ2.5ሻ 
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 These equations consti tetu  the motion equation: 
ெܶ ൌ ௃ܶ ൅ ௅ܶ ,                                                                                                   ሺ2.6ሻ 
which represent the rotating system shown schematically in Fig. 2.1 
 
Figure 2.1 Rotating mechanical system 
2.3 Modeling a Mechanical System in Simulink 
2.3.1 Simulink Model with Inertia Only 
Fig. 2.2 shows the Simulink model for rotating mechanical system. The simulation parameters 
for this system are shown in Fig. 2.3. The Slider Gain values for this model are presented in Fig. 
2.2. The fixed step size is 0.001 so from 0 to 1 second the total number of steps carried is 1000. 
The inertia of the mechanical system has ܬ௘௤ ൌ 0.058 kg·m
2. The output for the Simulink model 
is shown in Fig. 2.4. 
 
 
 
 
 
 
Figure 2.2 Simulink model for rotating mechanical system 
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Figure 2.3 Simulation parameter settings 
 
Figure 2.4 Simulation results 
By changing the Slider Gain’s of the Simulink model shown in Fig. 2.2 we adjust the motor 
torque ெܶ and load torque ௅ܶ and observe the o ng va tio f llowi ria ns: 
– if we make the Slider Gain values as  then  ெܶ ൌ ௅ܶ ݓ௠ ൌ 0,
– if we make the Slider Gain values as  then  ெܶ ൐ ௅ܶ ݓ௠ ൐ 0,
– if we make the Slider Gain values as ெܶ ൏ ௅ܶ then ݓ௠ ൏ 0. 
9 
 
 2.3.2 Mechanical Model with Friction 
When the friction is in ude tcl d in he system in the form of the friction torque: 
௙ܶ௥௜௖ ൌ ܤ · ߱                                                                                                      ሺ2.7ሻ 
the motion equation of the rotating system has the form 
ெܶ ൌ ܬ௘௤
݀߱௠
݀ݐ
൅ ܤ · ߱ ൅ ௅ܶ                                                                           ሺ2.8ሻ 
The Simulink model with friction is shown in Fig. 2.5. In the model a Sine block is included in 
order to obtain the angular displacement value repeating instead of continuously increasing or 
decreasing. In order to show the system operating continuously the stop time in simulation 
parameters is changed to “inf” instead of one second. 
 
Figure 2.5 Simulink model for rotating mechanical system with friction 
The output of the simulation is shown in Fig 2.6. 
As it is seen the addition of friction to the system makes the speed constant. It does not increase 
or decrease. It gained stability and the angular displacement is repeating. In general the frictional 
torque (see Eqn. 2.8) reduces the rotational speed. When the Slider Gain value of motor torque is 
10 
 
 larger than the Slider Gain value of load torque we will have constant positive overall torque in 
the direction of the motor speed. When the Slider Gain value of load torque is larger than the 
Slider Gain value of motor torque then, we will have a negative overall torque with the motor 
speed in negative direction. 
 
Figure 2.6 Simulation results in steady-state for model including friction 
2.3.3 Mechanical System with Modified Load 
– Model with step-changing load 
The mechanical model shown in the Fig. 2.7 consists of a load changing in step. The Step 
block from the Simulink Sources library is used as the load. This block has the following 
parameters: 
• Step time – 1.5 s 
• Initial value – 0 N·m 
• Final value – 5 N·m 
The simulation time is 3 seconds and the friction coefficient ܤ ൌ 0.35 ቂܰ. ݉ ݎܽ݀ ݏ⁄ൗ ቃ. The 
simulation results for the step changing load is shown in Fig. 2.8. 
11 
 
  
Figure 2.7 Simulink model for mechanical system with step changing load 
 
Figure 2.8 Simulation results for step changing load 
From the Fig. 2.8 one can see that when the load torque is changed from 0 to 5 N·m at 1.5 
seconds the speed of the mechanical system is decreased from 28.5 to 14.5 [rad/sec]. During 
the interval from 0 to 1sec the load torque + friction torque are smaller than motor torque, so 
why the system accelerates till ௅ܶ ൅ ௙ܶ௥௜௖ ൌ ெܶ. The transition period is also present when the 
load torque has increased after 1.5 s. 
– Model with Speed Depending Load 
In this model the a lo d torque depends on the speed according to equation: 
௅ܶ ൌ ݇߱௠ଶ                                                                                                                ሺ2.9ሻ 
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 The Simulink model for the speed-depending load is shown in Fig. 2.9. The Function block 
from the Continuous library with the function as in Eqn. 2.9 is used as a load torque. 
 
Figure 2.9 Simulink model for mechanical system with speed depending load 
The simulation results for the speed depending load shown in Fig. 2.10 have the simulation 
time of 0.3 seconds. During this time the system has reached steady state. In this case the 
motor torque is higher than the load torque and the system accelerates. The system reaches the 
steady-state when the load torque + friction torque became equal to the motor torque. 
 
Figure 2.10 Simulation results for speed depending load 
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 2.4 Conclusion 
In this experiment, first the Simulink model of rotating mechanical system without friction was 
examined. Next, the Simulink model with frictional torque was studied, and finally, the 
mechanical system with step-changing and with speed-depending loads was analyzed. From the 
analysis carried out for 4 versions of rotating mechanical system, the following conclusions can 
be deduced: 
• The system without friction and with motor torque greater than load torque is moving 
with the linear rising speed. 
• If the friction is added to the system it reaches steady–state after initial acceleration and it 
is moving with a constant speed. 
• When the load of constant torque is added after the system reached the constant speed, its 
speed goes down and finally the motor is moving with lower constant speed. 
• When the load torque depends on speed, as it is in pumps and fans, the whole system 
after starting up, is running with the constant speed at which driving torque of the motor 
is equal to the load and friction torque according to the equation ெܶ ൌ ݇߱௠ଶ ൅ ܤ߱௠. 
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 Chapter 3 
Experiment 2 – Building a Simple Real-Time Model in Simulink 
3.1 Introduction 
In this Experiment a Simple Real-time Model of Second Order System is built using Simulink 
tool in Matlab and dSPACE. Initially the graphical model is built in Simulink and after verifying 
the results the model is implemented in real-time replacing some of the Simulink blocks with 
real-time equipment (i.e. Function Generator and Oscilloscope) 
3.2 Model Description 
In this Experiment the Simulink/Real-time model is represented by a second order transfer 
function, in which the input to the transfer function is a square wave with amplitude of 1V and 
frequency of 2 Hz. 
For the Simulink model of second order system Signal Generator from Sources library is 
served as an input and Scope from Sinks library is used to observe the output waveforms. 
For the real-time model of second order system a real function generator is served as an input 
and oscilloscope is used to observe the waveforms of second order system. 
The transfer function of the second order system is represented by following equation [2]: 
ܩሺݏሻ ൌ
߱௡ଶ
ݏଶ ൅ 2ߦ߱௡ݏ ൅ ߱௡ଶ
                                                                          ሺ3.1ሻ 
For the frequency ݂ ൌ 20 ܪݖ and damping coefficient ߦ ൌ 0.7 the angular frequency ߱௡ ൌ
2ߨ݂ ൌ 125.6 ݎܽ݀ ݏ⁄  and the transfer function takes the form: 
ܩሺݏሻ ൌ
15,790.43
ݏଶ ൅ 175.92ݏ ൅ 15,790.43
                                                           ሺ3.2ሻ 
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 3.3 Simulation in Simulink 
The second-order system described by Eqn. 3.2 is represented by the Simulink block diagram 
shown in Fig. 3.1. The simulation parameters in the Solver are set as follows: 
• Stop time – 2 seconds 
• Type – Fixed-step 
• Solver – ode1 (Euler) 
• Fixed-step size – 0.001 
 
Figure 3.1 Simulink model of second order system 
The input of the transfer function is a square wave from the Signal Generator. The output and 
input signals recorded by the scope are shown in Fig. 3.2. The output signal follows the input 
with delay. Some small overshoot is visible in the output signal waveform. 
 
Figure 3.2 Simulation results of second order system 
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 3.4 Real-Time Modeling Using dSPACE 
The analyzed second order system modeled in real-time Simulink is shown in Fig. 3.3. In this 
model the Signal Generator block is replaced by DS1104ADC_C5 got from the dSPACE library 
and it converts analog signal into digital one. The Simulink Scope block is replaced by 
DS1104DAC_C1 block that converts the digital into analog signal. These two blocks allow to 
connect the external analog devices to the Simulink transfer function block with digital signals. 
It means, the real function generator is connected to DS1104ADC_C5 and a real Oscilloscope to 
DS1104DAC_C1 block. 
 
Figure 3.3 Real-time Simulink model of second order system 
To implement a model in real-time the model should run continuously, so the Stop time for the 
real-time Simulink model is set to “inf”. Next, the Simulink model shown in Fig. 3.3 is 
converted into the real-time DSP code with the help of build model in Matlab/Simulink>Tools. 
After building the model the DSP code is exported to dSPACE and implemented in CP1104 
using Control Desk software. This software provides Graphical User Interface (GUI) in which 
the input and output waveforms are graphically viewed. 
The Slider Gain and Data Acquisition plotter (Scope) blocks in Virtual Instruments of dSPACE 
Control Desk software is used to vary the real-time gain and view the Input and Output signals 
(to and from of second order system). The Fig. 3.4 presents the Control Desk layout for second 
order system. Settings of the capture window for the real-time simulation in Control Desk 
software is shown in Fig. 3.5. 
The real-time simulation results are shown in Fig. 3.6 
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Figure 3.4 Control desk layout of second order system 
 
Figure 3.5 Real-time simulation settings in Control desk 
The overshoot value of real-time plot seen in Fig. 3.6 is of same magnitude as that in Fig. 3.2 
obtained from Simulink model. In Fig. 3.7 the gain was increased to 2.5 times unity. The input 
waveform has the magnitude of 1V at the top and -1V at the bottom. The output waveform 
(observed in Control Desk) of Fig. 3.7 has an overshoot of 2.5V and -2.5V and it reached to a  
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Figure 3.6 Real-time simulation result for slider gain = 1 
steady state value of +/- 2.25V. This waveform observed in Oscilloscope (which is connected to 
DS1104DAC_C1) has the steady state values of +/- 2.5V. Thus, comparing the simulation results 
(i.e. in Control Desk) with real-time results (i.e. in Oscilloscope) we see that Control Desk 
software does not give the exact graphical output. 
 
Figure 3.7 Control desk plot for gain = 2.5 
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 For the results shown in Fig. 3.8 the gain was lowered to 0.5 times unity. The output waveform 
was not exactly the Square wave. 
Fig. 3.9 shows the waveforms with the slider gain increased to 4 times. 
 
Figure 3.8 Control desk plot for gain = 0.5 
In Fig. 3.9 the overshoot of the output signal is larger but the stabilization gives the plot a Square 
wave appearance. For this gain value the waveform in Oscilloscope has the same steady state 
value as of Control Desk plot with +/- 4V amplitude. 
 
Figure 3.9 Control desk plot for gain = 4 
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 3.5 Conclusion 
In this experiment the Simulink model of second order system was built first. Next, the same 
model was analyzed in the real-time with the help of dSPACE Control Desk. In the real-time 
model the second order transfer function was supplied with real Signal Generator and the output 
was viewed in real oscilloscope. The dSPACE Control Desk was allowed to control the output 
signal measured by oscilloscope. 
Comparing the output results obtained from Simulink with the Oscilloscope output signal only 
minor difference was observed. 
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 Chapter 4 
Experiment 3 – Switch-Mode DC Converter and No-Load DC 
Motor Test 
4.1 Introduction 
In this experiment with the help of Matlab modeling tool Simulink and dSPACE the Switch-
Mode DC Converter is built in real-time to control the output voltage of the controller using 
PWM algorithm. First, the Simulink model of Switch-Mode DC Converter (i.e. Single-Pole and 
Two-Pole Converter Model) is built and, after verifying the results, it is implemented in real-
time. Next, a DC motor is connected to the output terminals (i.e. Phase A1 and Phase B1) of the 
Power Electronics Board such that a variable voltage is applied to the terminals of DC motor. 
Now, by changing the magnitude of the applied voltage, the speed of the motor is varied. This is 
also referred to as an open-loop voltage control of DC motor. 
4.2 Theoretical Background 
The switch-mode converter will be built on the basis of bi-positional switch, which constitutes a 
power pole as shown Fig. 4.1. The converter for DC motor drives consists of two such poles 
(Fig. 4.2), whereas DC-to-three phase AC converter consists of 3 such poles [4]. In Fig. 4.1 the 
output pole-voltage, ݒ஺ேሺݐሻ is either ௗܸ (input voltage) or 0 depending upon the position of the 
bi-positional switch. 
The output pole-voltage ݒ஺ேሺݐሻ of the power-pole is a switching waveform (Fig. 4.3) whose 
value alternates between ௗܸ and 0 depending on the pole switching function ሺ ሻ [4]: ݍ஺ ݐ
ݒ஺ேሺݐ  ൌ  ݍ஺ሺݐሻ ௗܸ                                                                                          ሺ4.1ሻ 
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ሻ
The average output voltage തܸ஺ே of the power-pole can be controlled by changing the pulse width 
of the pole switching function ݍ஺ሺݐሻ (see Fig.4.1). 
  
Figure 4.1 Power-pole as a building block of power electronic converters [4] 
 
Figure 4.2 Two-pole converter 
4.2.1 Pulse Width Modulation (PWM) of Switching Power Pole 
Controlling the pulse width of the pole switching function ݍ஺ሺݐሻ can be accomplished using a 
technique called Pulse Width Modulation (PWM). In this technique a control voltage ݒ௖,஺ሺݐሻ is 
compared with tain pole switching function ݍ ሺݐሻ (Fig. 4.3):  triangular waveform signal to ob ஺
݂݅ ݒ௖,஺ሺݐሻ ൐ ௧ܸ௥௜ሺݐሻ ฺ ݍ஺ሺݐሻ ൌ 1
݂݅  ݒ௖,஺ሺݐሻ ൏ ௧ܸ௥௜ሺݐሻ ฺ ݍ஺ሺݐሻ ൌ 0
ቋ                                                                          ሺ4.2ሻ 
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 The average output voltage of the power-pole with respect to duty ratio over one switching cycle 
is given by: 
ݒҧ஺ேሺݐሻ ൌ ݀஺ሺݐሻ ௗܸ                                                                                            ሺ4.3ሻ 
 
Figure 4.3 Waveforms during a switching [4] 
4.2.2 Duty Ratio and Switching Function of Single-Pole Converter 
The duty ratio for a single PWM pole is given by the equation [4]: 
݀஺ሺݐሻ ൌ  
1
2
൅  
1
2
 
ݒ௖,஺ሺݐሻ
௧௥௜
                                                                                  ሺ4.4ሻ ෠ܸ
Solving the equations (4.2) and (4  fo ൌ 1ܸ we obtain: .3) r ෠ܸ௧௥௜
ݒ௖,஺ሺݐሻ ൌ  
2ݒҧ஺ேሺݐሻ
ௗܸ
 െ 1                                                                                  ሺ4.5ሻ 
4.2.3 Two-Pole Converter Model 
In two pole converter model the average output voltage ݒҧ௢ሺݐሻ can be positive or negative. The 
DC converter consists of two switching power poles (Fig. 4.1.a). The converter average output 
voltage is the difference between the two pole output voltages, measured with respect to the DC 
bus ground. 
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 ݒҧ௢ሺݐሻ ൌ ݒҧ஺஻ሺݐሻ ൌ ݒҧ஺ேሺݐሻ െ ݒҧ஻ேሺݐሻ                                                             ሺ4.6ሻ 
At any given instant of time, the control voltages for the two poles are complimentary, i.e. 
ݒ௖,஺ሺݐሻ ൌ െݒ௖,஻ሺݐሻ                                                                                           ሺ4.7ሻ 
By solving Eqn. 4.1 through Eqn. 4.7, we can r w ite 
ݒ௖,஺ሺݐሻ ൌ െݒ௖,஻ሺݐሻ ൌ
ݒҧ஺஻ሺݐሻ
ܸ
                                                                        ሺ4.8ሻ 
ௗ
݀஺ሺݐሻ ൌ  
1
2
 
݀஻ሺݐሻ ൌ  
1
2
൫ݒ௖,஺ሺݐሻ  ൅ 1൯                                                                               ሺ4.9ሻ 
 ൫െ ݒ௖,஺ሺݐሻ ൅  1൯                                                                       ሺ4.10ሻ 
 
Figure 4.4 Switch mode DC converter for electric-drive [4] 
4.3 Simulation of Switch-Mode Converter in Simulink 
4.3.1 Simulink Model for Single-Pole Converter 
The Eqns. (4.4) and (4.5) are implemented in the Simulink to obtain the duty ratio and switching 
function for the single pole converter model. 
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 The Fig. 4.5 shows the Simulink block diagram for the single pole converter model with the 
simulation parameters mentioned as solver options: 
• Stop time: 0.002 
• Type: Fixed-step 
• Solver: ode1 (Euler) 
• Fixed-step size: 0.000001 
The control voltage ݒ௖,஺ሺݐሻ is compared with triangular waveform using a Relay block. The 
output of relay is set to 1 if the difference between control voltage and triangular signal is 
positive, otherwise 0. The Slider Gain has the block properties shown in Fig. 4.5. The values of 
DC bus voltage (Vd = 42) and switching frequency (fsw = 10000) are set at the Matlab command 
prompt before the simulation. 
The duty ratio and switching function waveforms of single-pole converter model after the 
simulation are shown in Fig. 4.6. 
  
Figure 4.5 Simulink model for switching function and duty ratio generation of single-pole 
converter 
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Figure 4.6 Switching function qA and duty ratio ܌ۯ 
4.3.2 Simulink Model for Two-Pole Converter 
The Simulink model of two pole converter is the comparison of two control voltages ݒ௖,஺ሺݐሻ and 
ݒ௖,஻ሺݐሻ with triangular waveform. The Eqn. (4.8) describes the control voltages of the two-pole 
converter model. The Eqns. (4.8), (4.9), and (4.10) are implemented in Simulink to determine the 
duty ratios and switching functions of two pole converter. Fig. 4.7 shows the two pole converter 
model. In this figure power poles are modeled using the Switch block. The Relay block provides 
the switching functions for the poles qA and qB. 
The simulation parameters and the variables of Fig. 4.7 are set as in section 4.3.1. 
In the two-pole converter model the output voltage is determined with two slider gain values. 
Fig. 4.8 presents the output voltage and duty ratios when the slider gain was set to positive value. 
In the Fig. 4.9 the output voltage and duty ratios are calculated when the slider gain value was set 
to negative value. 
4.3.3 Implementation of Two-Pole Converter Model in Real-Time 
After obtaining the results of duty ratios and output voltage for the two-pole converter in the 
Simulink, this converter is implemented in the real-time on DS1104 controller board. 
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 In the real-time model the converter output voltage can be controlled with the help of dSPACE 
control-desk. 
Figure 4.7 Two-pole converter model 
Figure 4.  = +10V 
 
 
 
8 Two-pole converter model with Vout
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 The triangular waveform generator and the comparator for all the converter poles of Fig. 4.7 can 
be replaced with DS1104SL_DSP_PWM3 block provided by dSPACE. The duty ratios are 
served as the inputs to DS1104SL_DSP_PWM3. The Fig. 4.10 presents the two-pole converter 
model in real-time. 
Figure 4.9 Two-pole converter model with Vout = -10V 
 
Figure 4.10 Two-pole converter model in real-time 
The block DS1104_DSP_PWM3 of the real-time in Fig.4.9 has the following block properties: 
• Frequency as 10000 Hz 
• Dead band as 0 
The Simulation parameters are: 
• Advanced block reduction is in off position 
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 • Solver optio
o Stop time: inf 
o Type: Fixed-step 
o Solver: ode1 (Euler) 
o Fixed-step size: 0.0001 
The value of DC-bus d prompt before the 
 
f DC Motor in Open-Loop 
.3.3 is used for no-load DC motor test. The motor terminals are 
of the power electronics board. The 
 and DS1104ADC_C5 blocks of dSPACE library are used to measure 
the otor under control in real-time 
4.4.1 Real-Time Simulink Model for No-Load DC Motor Test 
The block diagram model for no-load DC motor test is shown in Fig. 4.11. In this diagram: 
e model of section 4.3.3 is used as the variable voltage block to the DC 
motor. The constant block of section 4.3.3 named as  is renamed to . This 
block acts as the input voltage source to the motor. 
• Current Measurement Block 
 5) on CP 1104 is used for measuring 
transfer function block is used. 
ns: 
 voltage (Vd = 42) is assigned at the Matlab comman
real-time implementation. Then the Simulink model is converted into real-time model as shown
in Fig. 4.10. 
4.4 Speed Control o
The real-time model of section 4
connected to the phase A1 and phase B1 
DS1104ENC_POS_C1
 speed and current of DC m
• The real-tim
V_AB V_motor
o The channel 5 of the A/D converter (ADCH
the real-time current. The DS1104ADC_C5 block is connected to the Gain block 
because the data has to be scaled. To filter the ripples in current waveform a 
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Figure 4.11 Real-time model for no-load motor test 
• Speed Measurement Block 
o The DS1104ENC_POS_C1 block gives access to the encoder in the motor, which 
represents the speed of the motor 
o In order to receive the radian angle the block has to be multiplied by ଶగ
௘௡௖௢ௗ௘௥_௟௜௡௘௦
  
(in our case ݁݊ܿ݋݀݁ݎ_݈݅݊݁ݏ ൌ 1000) 
o To obtain the speed the delta position scaled has to be divided by sampling time 
௦ܶ. ߱ ൌ  
ௗఏ
ௗ௧
ൌ ∆ఏ
௧ೖశభି௧ೖ
ൌ ∆ఏ
ೞ்
  ( ௦ܶ = fixed-step time value = 0.0001) 
o At low speeds, it was observed some oscillations in average speed in order to  
improve the overall accuracy 11 point averaging block is constructed as shown in 
Fig. 4.12 
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4.5 Results of No-Load DC Motor Test 
The measurements were done at no-load for different voltages are shown in Table. 4.1. There the 
corresponding speed and current readings are enclosed. 
Table 4.1 No-load measurement 
The real-time value of armature current Ia and rotor angular speed ωm for the supply voltage 
V_motor = 40V observed in the Control Desk window is shown in Fig. 4.13 
The voltage vs speed curve for the no-load condition of DC machine is shown in Fig. 4.14. This 
characteristic can be expressed by equation: 
Figure 4.12 Averaging block 
V_motor [V] 1.0 3.0 5.0 10.0 15.0 21.0 30.0 40.0 
Speed [rad/sec] 5.71 27.13 47.12 98.53 148.51 208.48 300.0 396.98 
Current [A] 0.32 0.34 0.36 0.41 0.43 0.45 0.48 0.52 
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 ݕ ൌ ݉ · ݔ ൅ ܿ 
where: 
slope m = 10.0423 
intercept c = -2.852 
Figure 4.13 Current and speed of DC motor at V_motor = 40V displayed in Control desk 
 
Figure 4.14 Voltage vs. speed characteristic at no-load 
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 4.6 Conclusion 
In this experiment, first, the single-pole and two-pole converter models are built and simulation 
results for the positive and negative values of slider gain are observed. Next, the comparator and 
the triangular waveform block of two-pole converter model is replaced with the 
DS1104SL_DSP_PWM3 block and the converter model is implemented in real-time. Finally, 
real-time model for speed control of DC motor is built and the voltage-speed characteristic of 
DC motor is measured (see Fig. 4.14). This voltage-speed characteristic is a straight line with 
slope m = 10.0423 and intercept c = - 2.852. 
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 Chapter 5 
Experiment 4 – Determination of DC Motor Parameters 
5.1 Introduction 
 are measured. They are, next, used 
to determine the motor parameters. These parameters are used to design PI controllers for the 
closed loop control of DC motor. 
5.2 Steady-State Characteristics of DC Motor Drive 
5.2.1 Theoretical Background 
One of the main steady-state characteristics of DC motor is a speed vs torque characteristic. In 
each DC machine, this characteristic is linear with a constant slope. The expressions, which 
describe it mathematically, are as follows [6]: 
ெܸ ൌ ܴ௔ܫ௔ ൅ ݇߱௠                                                                                            ሺ5.1ሻ 
௘ܶ௠ ൌ ݇ܫ௔                                                                                                           ሺ5.2ሻ 
where: 
߱௠ – the angular rotor speed 
௘ܶ௠ – electromagnetic torque developed by the motor 
After re-arranging the Eqn. 5.1 the rotor speed as a function of armature current is: 
߱ሺܫ௔ሻ ൌ െ
ܴ௔
݇
In this experiment steady-state and dynamic characteristics
ܫ௔ ൅
ெܸ
݇
                                                                                    ሺ5.3ሻ 
The Eqn. 5.3 can be represented by the straight line written as: 
ݕ ൌ ݉ݔ ൅ ܿ                                                                                                       ሺ5.4ሻ 
where: 
݉ ൌ െ
ܴ௔
݇
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                                                                                                                                          ሺ5.5ሻ 
 ܿ ൌ ெܸ
݇
                                                                                                                                                ሺ5.6ሻ 
The motion equation of the machine set model shown in Fig. 5.1, written for steady-state, has a 
௘ܶ௠ ൌ ௅ܶ ൅ ܤ߱௠ ൅ ௙ܶ௥                                                                                   ሺ5.7ሻ 
ܤ – friction coefficient (of rotational friction) 
5.2.2 Simulink Model for Determining Steady-State Parameters 
To d ine the steady-state parameters the DC motor is axially coupled with the load (another 
DC r). The motor under test and load are supplied from two independent PWM units, so 
that their voltages can
model for motor and
motor and another one
se B  the P
Simi
form [5]: 
where: 
௙ܶ௥ – static friction torque 
 
Figure 5.1 Machine set model 
eterm
moto
 be controlled independently. The Fig. 5.2 presents the real-time Simulink 
 load under open-loop voltage control to determine the steady-state 
parameters of DC mot eor. Ther  are two voltage control sets. One voltage control set is for the 
 for the load. The output of DS1104SL_DSP_PWM3 is fed to Phase A1 
ower Electronics Drives Board with the help of 37 pin DSUB connector. and Pha 1 of
larly the output of DS1104SL_DSP_PWM is fed to Phase A2 and Phase B2. The blocks 
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 DS1
Cont
 load contro
5.2.3 Determination of Steady-State Parameters 
– Estimation of motor constant ࢑: 
By supplying the motor with the rated armature voltage, keeping the load in the active region, 
such that the motor current ࡵࢇ is zero the speed is recorded and ࢑ is calculated as: 
௔ܸ_௥௔௧௘ௗ
104ADC_C5 and DS1104ADC_C6 are used to display the motor and load currents in 
rol Desk. The blocks DS1104ENC_POS_C2 and DS1104ENC_SETUP are used to record 
to drive speed. The Fig. 5.3 shows the Control Desk Layout of real-time Simulink model for 
motor and l. 
 
Figure 5.2 Real-time Simulink model for motor and load control 
݇ ൌ
߱௠
                                                                                                      ሺ5.8ሻ 
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 for ௔ܸ_௥௔௧௘ௗ ൌ 40ܸ the speed is recoded as ߱௠ ൌ 372 ݎܽ݀ ݏ⁄ . By substituting this values in 
Eqn. 5.8: ݇ ൌ 0.107 ሾܸ ݎܽ݀ ݏ⁄⁄ ሿ 
 
Figure 5.3 Control Desk layout of real-time Simulink model for motor and load control 
– Torque-spe
For different motor voltage constant values say: [5 10 20 30 40] V the load voltage is adjusted 
such that, the motor current tak the values as [0 1 2 3 4 5] A. At each voltage level the speed, 
the load current, and the load voltage are recorded. The list of recorded values for different 
voltage levels is presented in Table. 5.1. The torque column is obtained by multiplying motor 
current ࡵࡹ with mo
recorded values are d
ed characteristics: 
es 
tor constant ࢑. Using the Matlab the slope (m) and intercept (c) of the 
etermined. 
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 Table 5.1 Steady–state experimental data 
V_M [V] V_L [V] I_L [A] I_M [A] ωm [rad/s] Tem [N·m] 
5 
0 -1.02 51.4 0 -6.5 
-3.8 1 0.03 38.5 0.107 
-1.4 2 1.05 28.5 0.215 
0.35 3 1.97 19.9 0.322 
2.1 4 2.95 11.4 0.430 
3.8 5 3.87 2.8 0.537 
10 
-12.0 0 -1.11 101.3 0 
-9.0 1 0 81.5 0.107 
-6.8 2 0.92 75 0.215 
-4.8 3 1.85 69.5 0.322 
-3.1 4 2.85 59.9 0.430 
-1.2 5 3.78 51.4 0.537 
20 
-22.8 0 -1.42 204.6 0 
-19.9 1 -0.34 185.0 0.107 
-17.5 2 0.54 168.6 0.215 
-15.6 3 1.43 157.0 0.322 
-13.5 4 2.46 141.3 0.430 
-11.3 5 3.53 125.0 0.537 
-33.1 0 -1.23 292.7 0 
-30.3 1 -0.24 278.3 0.107 
-27.3 2 0.74 265.0 0.215 
30 
-25.2 3 1.55 257 0.322 
-23.1 4 2.45 242 0.430 
-21.0 5 3.33 228.7 0.537 
40 
-41.5 0 -1.32 372.0 0 
-38.6 1 -0.31 355.4 0.107 
-35.5 2 0.62 345.5 0.215 
-33.1 3 1.52 334.7 0.322 
-30.5 4 2.47 315.5 0.430 
-28.3 5 3.3 297.8 0.537 
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 The speed-torque characte esented in Table. 5.1 are 
shown in Fig. 5.4. Theoretically these characteristics s  the str desc e  
function (Eqn. 5.4): 
ܫ௔ሻ ൌ ݉ܫ௔ ൅ ሻ 
Practically, these characteristics are not straight lines. 
 
Figure 5.4 Speed vs. armature current characteristics for motor voltage supplied by 
d erent voltag
The slope m and th rcept c of the characteris  constant voltage level are 
determined using Matlab m-file and are listed in Table. 5.2. The values of ࢑ an re 
calculated as: 
௔ܸ_௜
ܿ௜
ristics drawn for the motor using the data pr
hould be aight lines rib d by the
߱௠ሺ ܿ                                                                                           ሺ5.9
iff es 
e inte tics for each
d ࡾࢇ a
݇௜ ൌ                                                                                         0ሻ 
where: i = 1, 2, 3, 4, 5 is the subsequent number voltage level considered in Table. 5.1 
݇௜ · ݉௜                                                           1ሻ 
 
                  ሺ5.1
ܴ௔_௜ ൌ െ                                    ሺ5.1
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 The average value of ࢑, ࢓ and ࡾࢇ is calculated as: 
݇ ൌ
∑ ݇௜
௡
௜ୀଵ
݊
, ݉ ൌ
∑ ݉௜
௡
௜ୀଵ
݊
, ܴ ൌ
∑ ܴ௔_௜
௡
௜ୀଵ
௔ ݊
                          ሺ5.12ሻ 
where ݊ ൌ 5 
The average values of motor parameters are in Table 5.3. 
Table 5.3 Average values of motor parameters 
– Determination of mechanical model parameters 
The mechanical model parameters B and Tfr are determined by running the m no-
load condition. 
The Eqn. 5.7 under n
and listed in Table. 5
Va_i [V] mi (slope) ci (intercept) ki [V/(rad/s)] Ra_i ሾΩሿ 
Table 5.2 Steady-state parameters 
40 -14.32 372.63 0.107 1.43 
30 -12.48 291.82 0.102 1.24 
20 -15.44 202.20 0.09 1.54 
10 -9.13 95.94 0.104 0.90 
5 -9.15 49.19 0.101 0.95 
m (slope) c (intercept) ݇ ሾܸ ሺݎܽ݀ ݏ⁄ ሻ⁄ ሿ ܴ௔ ሾΩሿ 
-12.104 202.356 0.1 1.212 
otor under 
o-load condition can be written as: 
௘ܶ௠ ൌ ܤ߱௠ ൅ ௙ܶ௥                                                                                          ሺ5.13ሻ 
For different motor voltages the values of speed and armature current of motor are recorded 
.4.  
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 Table 4 S ady-state fr tio5. te ic n model characteristics 
The torqu eed character  the steady-s tional model is in Fig. 5.5 
 
T odel parameters B and Tfr (see Eqn. 5.13) are calculated using data of Table 
5
V_M [V] I_M [A] ωm [rad/s] Tem [N·m] 
1.0 0.32 5.71 0.03424 
3.0 0 4 27.13 0.03638 .3
5.0 0.36 47.12 0.03852 
10.0 0.04387 0.41 98.53 
15.0 0.43 0.04601 148.51 
21.0 0.45 208.48 0.04815 
30.0 0.48 300.0 0.05136 
40.0 0.52 396.98 0.05564 
e-sp istic of tate fric shown 
Figure 5.5 Torque-speed characteristic of steady state friction model 
he mechanical m
.4 are shown in Table .5. 5  
Table 5.5 Mechanical steady state parameters 
m = B [N.m/(rad/s)] c = Tfr [N.m] 
0.0001 0.0362 
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 5.3 Dynamic Cha
5.3.1 Theoretical Backgr
The dyn achine can be specified as electrical (transients) a anical 
dynamics. From the dynamic characteristics of DC motor, the armature inductance ( ௔ሻ and 
moment ሺܬሻ can be de ed. 
The dyn quations of a DC r are: 
௔ܸ ൌ ܴ௔݅ ߱௠ ൅ ܮ௔
݀݅௔
݀ݐ
racteristics of DC Motor Drive 
ound 
amics of DC m nd mech
ܮ
 of inertia termin
amic e  moto
௔ ൅ ݇                                           ሺ5.14ሻ 
݀߱௠
                              
௘ܶ௠ ൌ ௅ܶ ൅ ௙ܶ௥ ൅ ܤ߱௠ ൅ ܬ ݀ݐ
                                                              ሺ5.15ሻ 
In Eqn. (5.14) and (5.15), the two state variables: armature current (݅௔ሻ and angular speed (߱௠ሻ 
are not independent. So both: armature inductance (ܮ௔ሻ and moment of inertia ሺܬሻ can vary if any 
one of the state variables is changed. 
– Determination of armature inductance (ࡸࢇሻ: 
The armature inductance of DC motor is calculated by keeping the motor in standstill (߱௠ ൌ
0ሻ. Then Eqn. 5.14 can be written as: 
௔ܸ ൌ ܴ௔݅௔ ൅ ܮ௔
݀݅௔
݀ݐ
                                                                                       ሺ5.16ሻ 
By solving
ܴ௔
 the Eqn. 5.16 with respect to the current we obtain: 
݅௔ሺݐሻ ൌ
௔ܸ ൬1 െ ݁
ି ௧ఛೌ൰                                                                                 ሺ5.17ሻ 
where: 
߬௔ ൌ
ܮ௔
ܴ௔
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The curve that represents Eqn. 5.17 is shown in Fig. 5.6. The slope of this exponential curve 
measured at ݐ ൌ 0, is depended on the value of inductance ሺܮ௔ሻ and is given as:  
 ݀݅௔
݀ݐ
ฬ ൌ ௔ܸ                                                                                                   ሺ5.18ሻ 
௧ୀ଴ ܮ௔
By knowing the slope at a given voltage, inductance can be determined as follows: 
ܮ௔ ൌ
௔ܸ
ݏ݈݋݌݁
                                                                                                     ሺ5.19ሻ 
where: 
ݏ݈݋݌݁ ൌ ௔
∆ݐ
ܫ
                                                                                                     ሺ5.20ሻ 
 
Figure 5.6 Current response at standstill ሺ࣓࢓ ൌ ૙ሻ 
oment of inertia (۸ሻ: 
t ሺ݅ ሻ, the load torque ሺܶ ሻ and 
 
– Determination of m
motor torque ሺ ௘ܶ௠ሻ 
speed ሺ߱଴ሻ and has
shutdown at ݐ ൌ 0. This implies the load torque ሺ ௅ܶሻ and motor torque ሺ ௘ܶ௠ሻ becomes zero. 
For these conditions the dynamic Eqn. 5.15 can be written as: 
݀ݐ
In order to determine the moment of inertia the armature curren ௔ ௅
must be zero. In order to achieve this the motor should rotate with no-load 
 to maintain zero armature current ሺ݅௔ ൌ 0ሻ. Then the whole system has to 
0 ൌ ௙ܶ௥ ൅ ܤ߱௠ ൅ ܬ
݀߱௠                                                                             ሺ5.21ሻ 
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 When the system is shutdown the speed decreases exponentially in time and is given as: 
௙ܶ௥ ି
஻
௃ ௧ ௙ܶ௥߱௠ሺݐሻ ൌ ൬߱଴ ൅ ܤ
൰ ݁ െ
ܤ
                                                               ሺ5.22ሻ 
The static frictional 
reaches zero, otherw
quadrant. 
Rearranging Eqn. 5.2
Ω ൌ Ω଴݁
torque ௙ܶ௥ depends on speed. So it should become zero once the speed 
ise it will become an active torque and drive the motor into the fourth 
2 we obtain: 
ି஻௃ ௧                                                                                                     ሺ5.23ሻ 
where: 
Ω ൌ ߱௠ሺݐሻ ൅
௙ܶ௥
ܤ
 
Ω଴ ൌ ߱଴ ൅
௙ܶ௥
ܤ
 
From Eqn. 5.23 the moment of inertia depends on the slope of curve (see Fig. 4.7) at ݐ ൌ 0: 
݀Ω
݀ݐ
ฬ
௧ୀ଴
ൌ െΩ଴
B
J
                                                                      ሺ5.24ሻ 
Figure 5
                      
 
.7 Speed response when the system is made to shut down 
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 Since the slope at t=0 s  ఠ i equal to ቀെ ೚
∆௧
ቁ ment of inertia is calculated as: 
ܬ ൌ െ߱
ܤ
݈݋݌݁|௧ୀ଴
, the mo
                                                                                      ሺ5.25ሻ ଴ ݏ
where: 
଴ ൌ െ
߱଴
∆ݐ
ݏ݈݋݌݁|௧ୀ  
5.3.2 Simulink Mo
To determine the dyn
D C m
two  converters. The DC motor under test is controlled in open-loop with 
variable voltage and the load is current controlled. 
Th
shown in Fig. 5.8. Determin
positive or negative step change in su
Fig. 5.8. In order to determine the mo ent of inertia the armature current of DC motor under test 
must be zero and the motor should not enter into the regenerative braking mode with negative 
torque. This is achieved by the SHUTDOWN signal on the Power Electronics drive board. 
The DS1104SL_DSP_BIT_OUT_C11 and DS1104SL_DSP_BIT_OUT_C12 of dSPACE 
library are added to achieve the open circuit of armatures from the supply, so that the motor will 
not enter into regenerative braking mode with negative torque. 
The Control Desk layout for dynamic parameters determination is shown in Fig. 5.9. 
del for Dynamic Parameter Determination 
amic parameters of a DC motor, it should be axially coupled with another 
e two D otors (i.e. DC motor under test and load) are supplied with C motor (load). Thes
independent WM P
Simulink modee l of section 5.2.2 (Fig. 5.2) is also used in this section in modified version 
ation of the electrical and dynamic parameters requires either a 
pply voltage. This is achieved by the reset block shown in 
m
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Figure 5.8 Simulink model for dynamic parameters determination 
 
Figure 5.9 Control desk layout for dynamic parameters determination 
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 5.3.3 Inductance Determination 
In order to determine the inductance of DC motor under test the rotor of coupled drive is 
blocked (the speed of the drive ߱௠ ൌ 0). Now, a step in voltage of V_M = 3V is applied. The 
current increased exponentially and reached the steady state value. The measured characteristic 
is shown in Fig. 5.10. The slope of the exponential curve is obtained from the following Matlab 
program (the curve fitting algorithm): 
%calculation of DC motor inductance and resistance using a curve fitting algorithm [2] 
global Plothandle t y y0; 
load ind; 
t=ind.X.Data; 
y=ind.Y(:,2).Data; 
nmax=length(y); 
y0=mean(y((nmax-1)/2:nmax)); 
cla reset; 
axis([0 .2 0 3.5]) 
hold on; 
plot(t,y,'r','Erasemode','none'); 
title('Armature current response'); ylabel('current [A]'),xlabel('time [s]'); 
hold on; 
Plothandle=plot(t,y,'Erasemode','x'); 
lam0=[100]; 
lamda=fminsearch('fitraz',lam0); 
hold off; 
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 V=3; 
i0=y0 
Ra=V/i0 
La=Ra/lamda 
%curve fitting algorithm [2] 
function err=fitcur(lambda) 
global Plothandle t y y0; 
A=zeros(length(t),length(lambda)); 
gth(lambda) 
ambda(j)*t)'; 
ndle,'ydata',z+y0); 
(z-(y-y0)'); 
gure 5.10 Armature current response for a step changed voltage V_M = 3V 
for j=1:len
    A(:,j)=exp(-l
end 
c=A\(y-y0)'; 
z=A*c; 
set(Plotha
drawnow; 
err=norm
 
Fi
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 The inductance calculated for the given motor is: 
ࡸࢇ ൌ ૙. ૙૚૚ૡ ࡴ 
5.3.4 Determination of Moment of Inertia  
To determine the moment of inertia the armature voltage is increased to 40V and by supplying 
the negative voltage to the load the armature current is maintained zero. The speed at this 
operating point was 372 rad/s. At this point the system is made to shut down by unchecking the 
shut down button in Control Desk. After the complete shutdown of system the speed of the 
motor is gradually falling down. This is shown in Fig. 5.11. The slope of the curve is determined 
using the following Matlab program: 
rtia determination [2] 
dle t y y0; 
 
).Data; 
Tf=0.0421; 
y0=-Tf/B; 
cla reset; 
axis([0 2 0 450]); 
hold on; 
plot(t,y,'r','EraseMode','none'); 
title('Speed Response'); 
hold on; 
%ine
global Plothan
load jeq;
t=jeq.X.Data; 
y=jeq.Y(:,3
B=0.0000595; 
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 Plothandle= o , ' de','x'); pl t(t y, EraseMo
search('fitraz',lam
lam0=[1]; 
lamda=fmin 0); 
hold off; 
wfin=y0 
J=B/lamda 
The moment of inertia of DC motor is calculated as according to the Eqn. 5.15 and is equal: 
ሾ ૛ሿ 
Figure 5.11 Speed of the DC motor when the system is made to shutdown 
lusion 
 DC motor parameters were determined by doing the measurement in steady-
 dynamic conditions. In no-load operation the motor constant ࢑ was determined by 
 armature voltage V_M = 40V and controlling the load in active 
e current ࡵࢇ was maintained zero. 
ࡶ ൌ  ૛. ૝૜ૠ૚ࢋ െ ૙૙૝ ࢑ࢍ · ࢓
 
5.4 Conc
In this experiment
state and
supplying the motor with rated
region such that armatur
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 A set of measurements were taken for different supply voltages to determine the speed vs. torque 
ics in steady-state. Next, the DC motor was tested without load to determine the 
urements were done in transients with the rotor blocked and in dynamic conditions to 
 the inductance and moment of inertia. 
or parameters determined are: 
ܮ௔ ൌ 0.0118 H
݇ ൌ 0.107 ሾܸ⁄
ܤ ൌ 0.0001 ሾܰ · ݉ ሺݎܽ݀ ݏ⁄ ሻ⁄ ሿ 
௙ܶ௥ ൌ 0.0362 ሾܰ · ݉ሿ 
ܬ ൌ 2.4371݁ െ 004 ݇݃ · ݉ଶ 
These parameters will be used in the next experiment for close-loop control. 
  
characterist
friction model parameters. 
The meas
determine
The DC mot
ܴ௔ ൌ 0.9725 Ω 
 
ݎܽ݀ ݏ⁄ ሿ 
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 Chapter 6 
Experiment 5 – DC Motor Control 
6.1 Introduction 
t (Determination of DC motor parameters). The 
tion model of the DC motor. When the parameters of 
e tuned properly the model of the DC motor is replaced with the real DC motor. 
r is controlled (using the current and speed controllers) with the help of 
r with Current and Speed Controller 
 rotor speed ሺ߱௠ሻ of a DC motor written in Laplace Transform can 
ܸ ሺݏሻ െ ܧ ሺݏሻ
In this experiment the PI controllers for current and speed are designed using the DC motor 
parameters determined in the previous experimen
desig ed contro
r
n llers are tested on the simula
the controllers a
Next, the real DC moto
dSPACE board. 
el of DC Moto6.2 Simulink Mod
The armature current ሺܫ௔ሻ and
be calculated as [1]: 
ܫ௔ሺݏሻ ൌ
௔ ௔
ܴ௔ ൅ ݏܮ௔
                                                                                   ሺ6.1ሻ 
߱௠ሺݏሻ ൌ
௘ܶ௠ሺݏሻ െ ௅ܶሺݏሻ
ݏܬ௘௤
                                                                              ሺ6.2ሻ 
 
where: 
ܧ௔ሺݏሻ ൌ ݇௘߱௠ሺݏሻ                                                                                                                             ሺ6.3ሻ 
௘ܶ௠ሺݏሻ ൌ ݇௧ܫ௔ሺݏሻ                                                                                                                              ሺ6.4ሻ 
݇௘ ൌ ݇௧ ൌ ݇                                                                                                                                       ሺ6.5ሻ 
 
The above equations will be implemented in Simulink. 
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 – DC motor Simulink model 
 6.1 consists of integrators instead of transfer 
onditions for current and speed state variables. The parameter values 
· ݉ ሺݎܽ݀ ݏ⁄ ሻ⁄ ሿ 
ܬ ൌ 2.4371݁ െ 004 ݇݃ · ݉ଶ 
 
– PI
Th
6.6
߱௖_௜ܴ௔
The Simulink model of DC motor shown in Fig.
functions to set initial c
for the Simulink model (obtained from the previous experiment DC motor characterization) 
are: 
ܴ௔ ൌ 0.9725 Ω 
ܮ௔ ൌ 0.0118 H 
݇௘ ൌ ݇௧ ൌ ݇ ൌ 0.107 ሾܸ ݎܽ݀ ݏ⁄⁄ ሿ 
ܤ ൌ 0.0001 ሾܰ
The model is next converted into the sub-system. 
Figure 6.1 Simulink model of DC motor 
t curren  controller [4] 
e a p rameters of current controller ൫ܭ௜_௜ ܽ݊݀ ܭ௣_௜ ൯ are determined from the following Eqns. 
 and 6.7 [4]: 
                                     ሺ6.6ሻ ܭ௜_௜ ൌ ܭ௣௪௠
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 ܭ ൌ ܭ௣_௜ ௜_௜
ܮ௔
ܴ௔
                                                                                                   ሺ6.7ሻ 
For the values of motor parameters ܴ  and ܮ  mentioned earlier and assuming that: 
 
߱ ൌ 2ߨ ௖݂_௜ ൌ 1500 ݎܽ݀ ݏ⁄  ሺfor the cross over  frequency ௖݂_௜ ൌ 238 ܪݖ) 
ins are equal: 
 
ntroller is shown in Fig. 6.2. The upper and lower 
d Saturation blocks were set to +1 and -1 values 
 
Figure 6.2 PI current controller 
The Simulink model of DC motor with the current controller is shown in Fig. 6.3. In this model 
Ia_ref = 1 and Kpwm = 42. 
Figure 
௔ ௔
ܭ௣௪௠ ൌ 42
௖_௜
the controller ga
ܭ _௜ ൌ 34.7
0
௜
ܭ ൌ .42 ௣_௜
The Simulink model of PI current co
grator ansaturation limits of the Inte
respectively. 
 
6.3 Simulink model of DC motor with current controller 
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 The results obtained fr
waveforms. As one ca
The mo ncreasing linearl nce re is no load torque and the friction of the motor 
is negli
Figure 6.4 Current waveform for Ia_ref = 1 A 
Figure 6.5 Speed waveform for Ia_ref = 1 A 
– PI speed controller 
The parameters of the PI speed controller were determined from the following equations [4]: 
om simulation are shown in Figs. 6.4 and 6.5 in form of current and speed 
n see the actua urren reaches the reference value in a very short time. l c t 
y si  thetor speed is i
gible. 
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 െ
ܭ௜_ఠ · ݇௧
ܬ · ൫߱௖_ఠ൯
ଶ ൌ cos൫׎ െ 180
°൯                                                              ሺ6.8ሻ 
െ
ܭ௣_ఠ · ݇௧
௣௠
ܬ · ߱௖_ఠ
ൌ sin൫׎௣௠ െ 180°൯                                                                  ሺ6.9ሻ 
For the crossover frequency ߱௖_ఠ ൌ 2ߨ ௖݂_ఠ ൌ 2ߨ ݎܽ݀ ݏ⁄  ( ௖݂_ఠ ൌ 1 ܪݖሻ and the phase margin 
׎௣௠ ൌ 60° the gains of PI speed controller have the values: 
ܭ௜_ఠ ൌ 0.04                                                                                                     ሺ6.10ሻ 
ܭ௣_ఠ ൌ 0.01                                                                                                    ሺ6.11ሻ 
In the PI speed controller shown in Fig. 6.6 the upper and lower saturation limits of the 
Integrator and Saturation block were set to +5 and -5 values respectively to limit the current 
during transients. 
The Simulink model of DC motor with cascade control (i.e. with speed and current controller) is 
shown in Figs. 6.7.a and 6.7.b. The r
Step block or Constant block. The Step block has the following parameters: 
• Step time – 2 s 
• Initial value – 200 rad/s 
• Final value – 420 rad/s 
The value of the Constant block is 1. 
The load torque is provided to the DC machine by the Constant block with the constant value of 
0 N·m or by Step block with the following parameters: 
• Step time – 4 s 
.1 N·m 
eference speed is provided to the speed controller using the 
• Initial value – 0
• Final value – 0.4 N·m 
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 The simulation of spee
• with the consta
• with the step-ch
C motor with cascade control for step changing load 
 
odel of DC motor with cascade control for constant load 
d-control loop for DC motor was done for two cases: 
n   stt reference speed and ep-changing load torque (Fig. 6.7.a) 
anging reference speed and constant load torque (Fig. 6.7.b) 
 
Figure 6.6 PI speed controller 
 
Figure 6.7.a Simulink model of D
Figure 6.7.b Simulink m
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 The current and speed waveforms of the DC motor with cascade control are shown in Figs. 6.8 
his is due to 
 
Figure 6.8 Current waveforms for step change in load 
through 6.11. In Figs. 6.8 and 6.10 the actual current follows the reference current. T
the current controller. The same is with the motor speed (Figs. 6.9 and 6.11). 
 
Figure 6.9 Speed waveforms for step change in load 
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 When the reference speed is kept constant the motor actual speed returns to the previous value 
after the disturbance is introduced to the system by the step-change in load torque (see Fig. 6.9). 
When the reference speed has changed at constant zero load torque the actual motor speed 
changes too to the final reference speed value with the initial overshoot (see Fig. 6.11). 
Figure 6.10 Current waveforms for step changing speed at constant load 
Figure 6. ant load 
 
 
11 Speed waveforms for step changing speed at const
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 6.3 Real-Time Implementation of Feed–Back Control of DC Motor 
The real-time Simulink model of cascade control of DC motor is shown in Fig. 6.12. In real-time 
the Simulink model of DC motor is replaced with the real motor and the Kpwm block is replaced 
by power converter with 42 V DC supply. The Integrators of current and speed controllers 
(Figs. 6.13.a and 6.13.b) are supplied with the external reset as shown in Fig. 6.12 to start up 
correctly in the real-time environment. The Step block has initial value of 50 [rad/s] and final 
value of 100 [rad/s] with step time of 3 s. 
Figure 6.12 Real-time Simulink model of cascade control of DC motor 
The Simulink model is implemented in real-time and the current and speed waveforms for step 
changing speed in real time are shown in Fig. 6.14. 
6.4 Conclusion 
In this experiment the current and speed controllers were designed for the Simulink DC motor 
model. After proper tuning of controllers the cascade control of DC motor is implemented in 
real-time.  
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 The results obtained from simulation and from the measurements show that both, the actual 
 
Figure 6.13.a Current controller with external reset 
Figure 6.13.b Speed controller with external reset 
 
  
current and speed waveforms follow the reference values with a small overshoot. 
 
Figure 6.14 Speed and current waveforms for step change in speed 
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 Chapter 7 
Experiment 6 – Four-Quadrant Operation of DC Motor 
7.1 Introduction 
In this experiment, the DC motor is performed in four-quadrant operation. This operation is 
achieved by giving an alternating reference speed command to the DC motor. The PI controllers 
(for speed and current) designed in the previous experiment are used in the motor operation with 
alternating reference speed. 
7.2 Simulink Model of Four-Quadrant Operation of DC Motor 
The Fig. 7.1 presents the Simulink model for four-quadrant operation of DC motor. This model 
uses Wref_4quad block (Repeating Sequence block from Simulink Sources library) to generate 
the alternating reference speed command (500 r/min to -500 r/min with a constant ramp). The 
parameters of this block are as follows: 
• Time values – 
• Output values – [0 500 500 0 -500 -500 0] 
The block diagram and the gain values of the controllers (for speed and current) determined in 
the previous experiment are used to perform the four-quadrant operation. 
The actual current with respect to reference current and V_motor is shown in Fig. 7.2.a. The 
actual speed of the DC motor with respect to the reference speed (wref_4quad) is shown in Fig. 
7.2.b. 
The actual curren
[0 5 15 20 25 35 40] 
t and speed follow exactly the reference speed and current with due to their 
controllers. 
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Figure 7.1 Simulink model for four-quadrant operation of DC motor 
7.3 Four-Quadrant Operation of DC Motor in Real-Time 
 block has the following properties: 
hold: 0.1 
 
Figure 7.2.a Current and voltage waveforms of four-quadrant operation of DC motor 
In real-time Simulink model the Wref_4quad block is used too to generate the alternating 
reference speed command to the DC motor through speed and current controllers (Fig. 6.3). The 
Switch
• Criteria for passing first input: u2 > Threshold 
• Thres
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Figure 7.2.b Speed waveform of four-quadrant operation of DC motor 
 
Figure 7.3 Real-time Simulink model for four-quadrant operation of DC motor 
e of start_4quad_op is 0, so the Switch 
ce speed value from Wref_start. Thus, at this time the motor will rotate in 
At the starting (when system is initiated to run) the valu
block takes the referen
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 first quadrant only. The four quadrant operation is achieved when the value of start_4quad_op 
is changed to 1. 
Sub-system blocks of real-time Simulink model for four-quadrant operation of DC motor: 
– Speed measurement block (actual speed) (Fig. 7.4) 
The speed of the DC motor is measured using this sub-system block. A Gain block with a 
value of 60/(2*pi) is connected to the output of averaging block (Fig. 7.4) to convert the motor 
speed from rad/s to r/min. The Gain block with the value of (2*pi)/60 is connected (Fig. 7.3) 
to Speed Controller block in order to convert back the speed from r/min to rad/s. 
 
Figure 7.4 Speed measurement subsystem 
– Speed Controller (Fig. 7.5) 
The controller gains values (Kp_w and Ki_w), determined in previous experiment (DC motor 
speed control), are used in this experiment. The limit value of the Integrator and Saturation 
blocks of the Speed Controller contains rated current value of the DC motor. 
 
Figure 7.5 Speed controller subsystem 
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 – Current Controller (Fig. 7.6) 
The values of controller gains (Kp_i and Ki_i) determined in previous experiment (DC motor 
speed control) are used here. The limit value of the Integrator and Saturation blocks of the 
Speed Controller contains rated voltage value of the DC motor. 
Figure 7.6 Current controller subsystem 
– Duty cycle generation (Fig.7.7) 
The duty cycles for DS1104SL_DSP_PWM block are generated by sub-system block Duty 
Cycle Generation. Its p eriments. 
The analog input channels DS1104ADC_C6 and DS1104ADC_C7 in Fig. 7.3 are used to sense 
the motor current and DC bus voltage respectively.  
The Simulink model is built in real-time and the Control Desk layout for this model is presented 
in Fig. 7.8. The four-quadrant operation of DC motor is achieved after checking the 
start_4quadop check box in Control Desk. By this the motor speed follows the reference speed 
command provided by the w
 
arameters were determined in the previous exp
 
Figure 7.7 Duty cycle generation subsystem 
ref_4quad block. 
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Figure 7.8 Control desk layout for four-quadrant control of DC motor 
The m
p
1) quadrant I – forward motoring: 
௔ܸ ൐ 0, ܫ௔ ൐ 0 ܽ݊݀ ߱௠ ൐ 0 
2) quadrant III – reverse motoring: 
௔ܸ ൏ 0, ܫ௔ ൏ 0 ܽ݊݀ ௠
ݎܽݐ݅ݒ݁ ܾݎܽ݇݅݊݃ 
݁݊݁ݎܽݐ݅ݒ݁ ܾݎܽ݇݅݊݃ 
otor operation in four quadrants is illustrated in Fig. 7.9 [7]. According to this diagram the 
articular mode of DC motor operation is as follows: 
 ߱ ൏ 0 
3) quadrant II: 
a) ௔ܸ ൐ 0, ܫ௔ ൏ 0 ܽ݊݀ ߱௠ ൐ 0 ݂݋ݎݓܽݎ݀ ݎ݁݃݁݊݁
b) ௔ܸ ൏ 0, ܫ௔ ൏ 0 ܽ݊݀ ߱௠ ൐ 0 ݂݋ݎݓܽݎ݀ ܾݎܽ݇݅݊݃ 
4) quadrant IV: 
a) ௔ܸ ൐ 0, ܫ௔ ൐ 0 ܽ݊݀ ߱௠ ൏ 0 ݎ݁ݒ݁ݎݏ݁ ܾݎܽ݇݅݊݃ 
b) ௔ܸ ൏ 0, ܫ௔ ൐ 0 ܽ݊݀ ߱௠ ൏ 0 ݎ݁ݒ݁ݎݏ݁ ݎ݁݃
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Figure 7.9 Diagram of four quadrant mode of DC motor operation [7] 
The particular mode of operation region can be found in Fig. 7.10 where the graph obtained from 
the test is presented. 
 
ration Figure 7.10 Forward and reverse motoring ope
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 7.4 Conclusion 
In this experiment the four-quadrant operation of DC motor was examined. To do this first, the 
Simulink model for four-quadrant operation of DC motor was built and simulation of motor 
operation was performed. Next, the real-time Simulink model was built to achieve the four-
quadrant operation of DC motor in real-time. 
Comparing the simulation results shown in Figs. 7.2.a and 7.2.b with the measured ones no 
significant difference was observed. It means the Simulink motor model is an accurate tool to 
analyze the motor performance. 
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 Chapter 8 
Experiment 7 – Determination of Induction Motor Parameters 
8.1 Introduction 
In this experiment the induction motor parameters are determined using the no-load test and 
blocked rotor test. To perform these tests the three-phase induction motor is axially coupled 
8.1. 
on motor is shown in Fig. 8.2. The 
magnetizing reactance ࢄ࢓ can be determined using the no-load test. In this test the induction 
motor is rotated with synchronous speed by supplying the stator terminals with rated voltage 
and rated frequency. The stator leakage inductance Xls and rotor circuit parameters referred to 
primary: ࢄ࢒࢘ and ࡾ࢘ are determined using the blocked rotor test. In this test the speed ࣓࢓ is 0 
and the stator is supplied with slip frequency. 
 
Figure 8.1 Circuit diagram for the characterization of a three phase induction motor 
with the DC motor and both are supplied from two independent PWM converters in four-
quadrant configuration. The circuit diagram for the parameter determination of three-phase 
induction motor is shown in Fig. 
The per-phase equivalent circuit of the three-phase inducti
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 8.2 Theoretical Background 
 to the 
indings produce a rotating flux that crosses the air-gap and cuts the rotor 
 
Figure 8.2 Per-phase equivalent circuit of three-phase induction motor 
– Tests to determine equivalent circuit parameters 
As the circuit m l of induction motor is similar to that of a transformer, its parameters can be 
determ  by m s of: 
• DC resistance method, 
• No-load test (open circuit test in transformers), 
• Blocked-rotor test (short circuit test in transformers). 
– No-load test 
The magnetizing inductance ሺࢄ࢓ ൌ ૛࣊ࢌ࢙ࡸ࢓ሻ is determined using the no-load test. To run this 
test the induction motor is driven at synchronous speed by a DC motor. The equivalent 
circuit of single phase induction motor at synchronous speed is shown in Fig.8.3. This speed is 
kept constant with the help of the cascade control loop (current and speed controllers) applied 
to DC motor coupled with induction motor. The stator of induction motor is then energized by 
The induction motor is basically a transformer, whose secondary rotates with respect
primary. The stator w
conductors. 
ode
ined ean
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 applying the rated voltage at rated frequency. The slip is 0 so the rotor circuit is open (see Fig. 
tizing inductance ܮ௠ can be calculated from the equation: 
ܮ௠ ൌ
ܺ௠
2ߨ ௦݂
8.3). The rms value of voltage ሺ ேܸ௅ሻ, current ሺܫே௅ሻ, and the power factor of the circuit shown 
in Fig. 8.3 at synchronous speed are measured using oscilloscope. 
The magne
                                                                                                         ሺ8.1ሻ 
The reactance ܺ௠ can be found from the reactive power ܳே௅. The reactive power is consumed 
only by the magnetizing reactance ܺ௠ (assuming that the stator leakage reactance ௟ܺ௦ is 
negligible). Thus: 
ܺ ൌ
ܳே௅
௠ ܫே௅
ଶ                                                                                                          ሺ8.2ሻ 
Figure 8.3 Per-phase equivalent circuit at synchronous speed (s = 0) 
–
where per-phase reactive power is: 
ܳே௅ ൌ ேܸ௅ · ܫே௅ · sin ߠ                                                                                                                ሺ8.3ሻ 
 
 Blocked rotor test 
The stator leakage reactance ሺࢄ࢒࢙ሻ, the rotor leakage reactance ሺࢄ࢒࢘ሻ, and rotor resistance ሺࡾ࢘ሻ 
are determined using blocked rotor test. To perform this test the slip frequency ሺ ௥݂ ൌ ݏ ௦݂ሻ is 
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 injected into the stator terminals and the rotor of induction motor is blocked such, that speed 
݊ ൌ 0. The equivalent circuit model for blocked rotor test is shown in Fig. 8.4. 
The value of slip is 1 when the rotor speed ݊ ൌ 0. So, the rotor circuit resistance ቀோೝ
௦
ቁ is 
shown in Fig. .4 a
minimum. The rms v lu o oa e f v ltage ሺ ஻ܸோሻ, current ሺܫ஻ோሻ, and the power factor of the circuit 
t zero speed are measured using oscilloscope. The blocked rotor (BR) 
lculated as follows [8]: 
 8
parameters can be ca
– impedance 
ܼ஻ோ ൌ
஻ܸோ
ܫ஻ோ
             ሺ8.                                                                                                                   4ሻ 
Figure 8.4 Equivalent circuit of induction motor: (a) – for rated condition, (b) – for blocked 
rotor test 
–
 
     
 
 active power 
஻ܲோ ൌ ஻ܸோ · ܫ஻ோ · cos ߠ                                                                                                               ሺ8.5ሻ 
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 –
஻ோ ܫ஻ோ
ଶ
 equivalent resistance 
ܴ ൌ ஻ܲோ                                                                                                                      ሺ8.
ܴ ؆ ܴ ൅ ܴ                                                                                                                              ሺ8.7ሻ 
t reactance 
              6ሻ 
where: 
஻ோ ௦ ௥
 
– equivalen
ܺ஻ோ ൌ ටܼ஻ோ
ଶ െ ܴ஻ோ
ଶ                                                                                                                 ሺ8.8ሻ 
where: 
ܺ஻ோ ؆ ௟ܺ௦ ൅ ௟ܺ௥                                                                                                                           ሺ8.9ሻ 
 
From Eqn.8.7 we have  
ܴ௥ ؆ ܴ஻ோ െ ܴ௦                                                                                               ሺ8.10ሻ 
The particular reactance can be found from the assumption: 
௟ܺ௦ ൌ
2
3 ௟ܺ௥
                                                                                                       ሺ8.11ሻ 
8.3 Simulink Model and Real-Time Implementation 
The real-time Simulink model for determining the parameters of three-phase induction motor is 
shown in Fig. 8.5. The parameters for the induction motor (IM) block set are as follows: 
The duty ratios ݀஺, ݀஻, ݀஼ of DS1104SL_DSP_PWM3 block in Fig. 8.5 is supplied from 
Duty 
– Duty Cycle Generation IM (Fig. 8.6): 
Cycle Generation IM sub-system block. This sub-system block uses the Eqns. 8.12 
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 through 8.14  provideto  three-phase balanced voltage with variable magnitude and frequency in 
 to run the induction motor at synchronous and slip speed [4]: 
݀஺ ൌ ݑሾ1ሿ כ cosሺሾݑ2ሿሻ ൅ 0.5                                                                      ሺ8.12ሻ 
order
where: 
ݑሾ
݀஻ ൌ ݑሾ1ሿ כ cosሺሾݑ2ሿ െ 2 כ ݌݅ 3⁄ ሻ ൅ 0.5                                                 ሺ8.13ሻ 
݀஼ ൌ ݑሾ1ሿ כ cosሺሾݑ2ሿ െ 4 כ ݌݅ 3⁄ ሻ ൅ 0.5                                                 ሺ8.14ሻ 
1ሿ ൌ ௠ܸ
ௗܸ
 
ሿ ൌ 2ߨ݂ݐ ൌ ߨ݂
1
ݑሾ2 2
ݏ
 
 
Figure 8.5 Simulink model for characterization of induction motor 
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8.6 Duty cycle generation of three-phase induction motor Figure 
Constant blocks in Simulink model (Fig. 8.5) 
• n performing the blocked-rotor test. 
•  block is used to provide the reference for the magnitude of three-
phase voltage either from Vslip or from gain V/f block. The gain V/f block generates the 
magnitude proportional to the required frequency of the three phase voltage, which is 
applied to the induction motor. 
• Ref_frequency: This block generates the desired frequency of the three-phase voltage. 
• Tref: This block is used to load the induction motor by increasing the electromagnetic 
torque of DC motor. 
The remaining blocks that are shown in Fig. 8.5 and which belong to DC motor have the same 
parameters as in Exp 6. 
The control desk layout for the real-time Simulink model is presented in Fig. 8.7. 
8.4 Determination of Induction Motor Parameters 
– Determination of ܀ܛ: 
The line to line resistance ܴ௦௅ of three-phase induction motor under test is measured with the 
help of mu
 
 Vslip: It is used whe
 select_slip_op: This
lti-meter and its value is: 0.52 Ω 
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 The stator phase resistance is calculated as: 
ܴ௦ ൌ
ܴ௦௅
2
ൌ ૙. ૛૟ ષ 
 
܆ܕ ൌ ૛ૈ܎ܛۺܕ
otor is rotated by DC motor at synchronous speed ሺ݊௦ ൌ
3600 ݎ/݉݅݊ሻ and is supplied with the rated voltage ൫ࢂࡸ_ࡸ ൌ ૛૝. ૛૞ ࢂ൯ and rated frequency 
ሺࢌ ൌ ૚૛૙ ࡴࢠሻ. At these operating conditions the rotor behaves as an open circuit transformer 
since the slip is 0. The rms phase ‘A’ voltage ሺ ேܸ௅ሻ and current ሺܫே௅ሻ are recorded and 
two waveforms is measured to 
tor  the three-phase induction motor. 
ே௅ሺ௠௘௔௦௨௥௘ௗ ௢௡ ௦௖௢௣௘ሻ  
Figure 8.7 Control desk layout for motor parameters determination 
– Determination of magnetizing inductance ሺ ሻ (no-load test) 
The three-phase induction m
࢙
presented in Fig. 8.8. The phase difference between the 
determine the power fac  of
The phase rms voltage current and phase angle values measured on scope are given as: 
ݒ ൌ 3.8 ܸ
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 ݅ ௅ ௦௨௥ ሻ ൌ 1.123 ே ሺ௠௘௔ ௘ௗ ௢௡ ௦௖௢௣௘
ߠ ൌ 65଴ 
age and c rrent are ca
ܣ 
The rms volt u lculated as follows: 
ேܸ௅ ൌ
ݒே௅,௥௠௦ሺ௠௘௔௦௨௥௘ௗ ௢௡ ௦௖௢௣௘ሻ
10
ൈ 42                                                      ሺ8.15ሻ 
ܫே௅ ൌ ݅ே௅,௥௠௦ሺ௠௘௔௦௨௥௘ௗ ௢௡ ௦௖௢௣௘ሻ ൈ 2                                                          ሺ8.16ሻ 
where 10 and 2 are scaling factors. 
Figure 8.8 Voltage and curren ynchronous speed 
 inductance since the stator 
                                                                                ሺ8.17ሻ 
 
t waveforms at s
The per-phase reactive power is: 
ܳே௅ ൌ ேܸ௅ ൈ ܫே௅ ൈ sin ߠ ൌ 32.48 ܸܣܴ 
where: 
cos ߠ ൌ ݌݋ݓ݁ݎ ݂ܽܿݐ݋ݎ 
This reactive power is consumed only by the magnetizing
inductance ܺ  is negligible. It means that the reactive power: ௟௥
ܳே௅ ൌ ܫே௅
ଶ · ܺ௠             
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 Thus: 
ൌ ே௅
ܫ ଶ
ܳ
ܺ௠
ே௅
                                                                                                       ሺ8.18ሻ 
and 
ܮ௠ ൌ
ܺ
2ߨ ௦݂
                                                                                                      ሺ8.19ሻ ௠
where ݂ ൌ 120 ܪݖ 
By solving the above equations: 
ࢄ࢓ ൌ ૟. ૝ૡ ષ and ࡸ࢓ ൌ ૡ. ૟ ࢓ࡴ 
– Determination of slip frequency: 
The induction motor under test is loaded by the electromagnetic torque of the DC motor at the 
rated frequency. The induction motor is loaded until the phase current reaches the rated value 
(in our case 4.6 A). The speed recorded at these operating conditions: ࢔ ൌ ૜૝૙૞ ࢘/࢓࢏࢔. The 
slip of the induction motor is calculated as: 
݊௦௟௜௣ ൌ ݊௦ െ ݊                                                                                                ሺ8.20ሻ 
௦݂௟௜௣ ൌ 120
௦
݊௦௟௜௣ · ݌                                                                                              ሺ8.21ሻ 
The slip speed and frequency for 
࢓ ݊ ࢙࢒࢏࢖ ࢠ 
– D ircuit parameters ሺ܀ܚ, ܆ܔܚሻ (blocked rotor test): 
The stator of the induction motor is supplied with the slip frequency ൫ ௦݂௟௜௣൯ and the rotor is 
blocked. T peed 
conditions the wave
where ݌ ൌ ݊ݑ ܾ  ݌݋݈݁ݏ ݉ ݁ݎ ݋݂
݌ ൌ 4 are: 
 ࢘/ ࢏࢔  ܽ ݀ ࢌ ൌ ૟. ૞ ࡴ࢔࢙࢒࢏࢖ ൌ ૚ૢ૞
etermination of rotor c
he s
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of the induction motor ࢔ is 0 and the value of slip is 1. At these operating 
forms of blocked rotor (BR) voltage ሺ ஻ܸோሻ and current ሺܫ஻ோሻ are recorded 
 using the oscilloscope and  phase angle is calculated. The recorded waveforms are presented 
in Fig. 8.9. The actu
஻ܸோ ൌ
ܫ஻ோ ൌ 2
Figure 
The parameters determ
In this experim
load and blocked rotor test. In no-load test t magnetizing reactance ሺ s determined by 
driving the motor at synchronous speed and upplying with rated voltage and frequency. The 
the
al values after multiplying measured values by the scaling factors are: 
1.49 ܸ 
.28 ܣ 
° ߠ ൌ 17
 
8.9 Vol ge a  current waveforms of blocked rotor test ta nd
ined at the blocked rotor test are (calculated as mentioned in section 8.2): 
ࡾ࢘ ൌ ૙. ૜૟ ષ 
ࢄ ൌ ૙. ૚૙ૢ ષ ࢒࢘
ࢄ࢒࢙ ൌ ૙. ૙ૠ ષ 
8.5 Conclusion 
motor paraent the three-phase induction meters were determined using the no-
he ܺ௠ሻ wa
 s
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 st
p tion 
motor was sup lip frequency and the rotor is blocked.  
The determine ters are: 
  ܺ௠ ൌ 6.48 Ω,   ܴ௥ ൌ 0.36 Ω,   ௟ܺ௥ ൌ 0.109 Ω,   ௟ܺ௦ ൌ 0.07 Ω. 
  
ator resistance ሺܴ௦ሻ was determined using the DC resistance method. The rotor circuit 
arameters we  d  using the blocked rotor test. In blocked rotor test the inducre etermined
lied  sp  with the
arame
6 Ω, 
d motor p
ܴ௦ ൌ 0.2
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 Chapter 9 
Experiment 8 – V/f Speed-Control of Three-Phase Induction Motor 
9.1 Introduction 
In a three-phase induction motor, the sync onous speed ݊௦௬௡൯, slip speed ൫݊௦௟௜௣൯, and 
 are related by the equation [9]: 
hr ൫ rotor 
speed ൫݊௠_௥௘௙൯
݊௦௬௡ ൌ ݊௠_௥௘௙ ൅ ݊௦௟௜௣                                                                                     ሺ9.1ሻ 
where: 
݊௦௬௡ ൌ
120 · ௥݂௘௙
݌
  ܽ݊݀  ݊௦௟௜௣ ൌ
120 · ௦݂௟௜௣
݌
                                                                            ሺ9.1ܽሻ 
݌ ൌ ݊ݑܾ݉݁ݎ ݋݂ ݌݋݈݁ݏ 
After substituting for ݊௦௬௡ and ݊௦௟௜௣ in Eqn. 9.1 we obtain: 
௥݂௘௙ ൌ
݌
120
ൈ ݊௠_௥௘௙ ൅ ௦݂௟௜௣                                                                          ሺ9.2ሻ 
The slip frequency ൫ ௦݂௟௜௣൯ in Eqn. 9.2 is a load dependent quantity and it can be calculated in the 
real-time if the load torque and the slope of the torque-speed characteristic are known. In order to 
produce the rated torque at the rated current a proportional amount of magnitude of three-phase 
voltage is applied to the motor. In V/f speed-control the constant: 
݇ ൌ ௥ܸ௔௧௘ௗ
௥݂௔௧௘ௗ
                                                                                                        ሺ9.3ሻ 
is known as V/f constant. In section 9.3 the torque-speed characteristics for different input 
frequencies for variable load are determined. The slope m of torque-speed characteristic is 
calculated in section 8.4 to implement the V/f speed control. 
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 9.2 Real-Time Implementation of V/f Speed-Control of Three-Phase Induction  
The real-time Simulink model for speed-control of three-phase induction motor is shown in Fig. 
• f block is used to determine the torque-speed characteristics ree-phase 
• The n_ref_r_m
control of induction motor 
Motor 
9.1. In this model: 
The f_re of the th
induction motor. 
in is used to implement V/f speed-control of induction motor. 
 
Figure 9.1 Real-time Simulink model for V/f speed-
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 • The f_ref_slip_comp sub-system block is used to determine the ௥݂௘௙ for a desired speed 
reference (Wref_r_min) by calculating ௦݂௟௜௣. The Simulink model of the sub-system 
block f_ref_slip_comp is shown in Fig. 9.2. 
 
Figure 9.2 Simulink model of f_ref_slip_comp sub-system block 
The Control desk layout for the Simulink model is shown in Fig.9.3. 
Figure 9.3 Control desk layout for V/f speed control of induction motor 
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 9.3 Determination of Torque-Speed Characteristics 
In the Simulink model (Fig.9.1) the frequency input to the Duty Cycle Generation IM sub-
system block is from f_ref block. The DC motor coupled with the induction motor (Fig. 9.4) will 
act as a variable load and the value of the load torque is varied using the Tref block in Control 
desk. The torque ூܶெ developed by the induction motor in steady-state is equal to: 
ூܶெ ൌ ஽ܶ஼ ൅ ௙ܶ௥ ൅ ܤ · ߱                                                                                ሺ9.4ሻ 
where: 
஽ܶ஼ െ ݐ݄݁ ܦܥ ݉݋ݐ݋ݎ ݈݋ܽ݀ ݐ݋ݎݍݑ݁ 
௙ܶ௥ ൌ 0.0362  ܰ · ݉ െ ܿ݋݊ݏݐܽ݊ݐ ݂ݎ݅ܿݐ݅݋݊ ݐ݋ݎݍݑ݁ 
ݎݍݑ݁ 
The ௙ܶ௥ and ܤ are calculated in Experiment 4 (Determination of DC Motor Parameters). 
 
Figure 9.4 Machine set model 
With the help of dSPACE board the induction motor characteristics are measured and the 
readings are presented in Table 9.1. The synchronous speed ݊௦௬௡ is calculated from Eqn. 9.1a, at 
which the induction motor torque ூܶெ ൌ 0. The measurements were done for the following 
frequencies applied to the induction motor: [30 40 60 80 100] Hz. The characteristics are plotted 
in Fig. 9.5
ܤ ൌ 0.0001 െ ݂ݎ݅ܿݐ݅݋݊ ܿ݋݂݂݁݅ܿ݅݁݊ݐ ݋݂ ݒܽݎܾ݈݅ܽ݁ ݂ݎ݅ܿݐ݅݋݈݊ܽ ݐ݋
. 
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 Table 9.1 Torque-speed characteristics for different supply frequency 
f_ref Tref = TDC nm ωm = (
[Hz] [N·m] [r/min] 
ଶగ௡೘
଺଴
ሻ TIM = TDC + Tfr +B·ωm 
[rad/s] [N·m] 
30 
0 nsyn = 900 ωsyn = 94.25 0 
0 886 92.7 0.0454 
0.025 872 91.3 0.0709 
0.050 845 88.4 0.0956 
0.075 831 87.0 0.1205 
0.100 804 84.1 0.1452 
0.125 777 81.3 0.1701 
0.150 736 77.0 0.1945 
0 nsyn =1200 ω  = 125.6 0 syn
0 1172 122
40 
.7 0.0484 
0.025 1159 121.3 0.0733 
0.050 1145 119.9 0.0981 
0.075 1138 119.1 0.1231 
0.100 1104 115.6 0.1477 
0.125 1090 114.1 0.1726 
0.150 1063 111.3 0.1973 
60 
0 nsyn = 1800 ωsyn = 188.4 0 
0 1800 188.5 0.0550 
0.025 1772 185.5 0.0797 
0.050 1759 184.2 0.1046 
0.075 1745 182.7 0.1294 
0.100 1718 179.9 0.1541 
0.125 1690 176.9 0.1788 
0.150 1677 175.6 0.2037 
80 
0 nsyn = 2400 ωsyn = 251.3 0 
0 2386 250.0 0.0618 
0.025 2372 248.5 0.0866 
0.050 0.1115 2359 247.0
0.075 2331 0.1356 244.1
0.100 2304 241.2 0.1603 
0.125 2290 239.8 0.1851 
0.150 2277 238.4 0.2100 
0 nsyn = 3000 ωsyn = 314.1 0 
0 29 311.2 0.0673 
100 
72
0.025 2959 309.8 0.0921 
0.050 2945 308.3 0.1176 
0.075 2931 306.9 0.1418 
0.100 2904 304.1 0.1666 
0.125 2890 302.6 0.1914 
0.150 2877 301.2 0.2163 
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Figure 9.5 Torq eed characteristics for different f_re
They can be approx ted by the equation: 
ூܶெ ݊௠ ൅ ܿ 
where: 
݊௠ ൌ ݐ݄݁ ݎ݋ ݁݀ ݅݊ ݎ݌
݉ ൌ ݏ݈݋݌݁ ݋݂ ݐ݄݁ ݄ܿܽݎܽܿݐ݁  ݅݊ ܨ݅݃. 9.5 
݅݊ݐ݁ݎܿ݁݌ ݁ ݄ܿܽݎܽܿݐ݁ݎ݅ݏݐ݅ܿ ݅݊ ܨ݅݃.
For each of this characteristics ݉  ܿ௜ are calcu nd the results are presented in Table 
9.2. Then the average value of  ݉ a alcul d
ൌ
∑ ݉௡௜ୀଵ
݊
ue-sp f 
ima
ൌ ݉ ·
ݐ݋ݎ ݏ݌݁ ݉ 
ݎ݅ݏݐ݅ܿ
ܿ ൌ ݐ ݋݂ ݐ݄ 9.5 
௜ and lated a
nd ܿ is c ate  as: 
 ݉ ௜ , ܿ ൌ
∑௡௜ୀଵ
݊
ܿ௜                                                     ሺ8.5ሻ 
where n = 5. 
The average value and c are n Table 8.3
 
                
s of m  writte  
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 Table 9.2 Calculated parameter m and c 
Table 9.3 Average value of slope (m) and intercept (c) 
The slope (m) and intercept (c) for frequency f_ref = 30 Hz of the torque-speed characteristics in 
Fig. 9.5 are calcu
 
Torque = [0 0.0454 0.0709 0.0956 0.1205 0.1452 0.1701 0.1945] 
m =
c = p
From torque developed by the induction motor 
9.4 Speed-Control
f_ref 
[Hz] 
slope (mi) 
[N·m/r/min] 
intercept (ci) 
[N·m] 
30 -0.0011 1.0418 
40 -0.0014 1.7318 
60 -0.0014 2.6161 
80 -0.0014 3.5041 
100 -0.0018 5.4636 
slope (m) [N·m/r/min] intercept (c) [N·m] 
-0.00142 2.87114 
lated in Matlab command window as: 
Speed = [900 8 6 8 3 4 777 736]8 72 845 8 1 80
p = p lyo fit (Speed, Torque, 1) 
1 = p( )  -0.0011 
2 =( )  1.0418 
 Fig.9.5 one can see that as e  increases the  th  speed
sharply decreases. When the speed of the induction motor reaches synchronous speed the torque 
developed by the induction m tor is 0. o
 of Three-Phase Induction Motor at Constant V/f Ratio 
 for the speed-control of three-phase induction motor at constant V/f The machine set diagram
ratio is shown in Fig. 9.6. 
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 The induction motor is co uce any electrical torque. 
The load torque for the machine set at this condition is as follows: 
ܶ ൌ ௙ܶ௥ ൅ ܤ · ߱                                                                                                ሺ9.6ሻ 
Since ௙ܶ௥ and re known from previous nt (Expt 4), torque for a given mechanical 
speed can be calculated. 
Figure 9.6 Machine set model for speed-control of induction motor 
In order to rotate the induction motor with the above reference mechanical speed (see Eqn. 9.6) 
inals should be calculated using the torque-
eed in rad/s be ߱௠. From the Eqn. 9.6 the torque ሺ ூܶெሻ at this 
ூܶெ ൌ ௙ܶ௥ ൅ ܤ · ߱௠                                                                                    ሺ9.7ሻ 
௙ܶ௥ ൅ ܤ߱௠ ൌ ݉ · ݊௠_௥௘௙ ൅ ܿ                                                                        ሺ9.9ሻ 
upled with DC motor, which does not prod
 ܤ a experime
 
the reference frequency supplied to the stator term
speed characteristics in the following way: 
Let the mechanical reference sp
speed will be: 
Also let the equation of the torque-speed characteristics be: 
ܶ ൌ ݉ · ݊௠ ൅ ܿ                                                                                                 ሺ9.8ሻ 
where: 
݉ ൌ ݏ݈݋݌݁ ݋݂ ݐ݄݁ ݄ܿܽݎܽܿݐ݁ݎ݅ݏݐ݅ܿݏ ݅݊ ܰ · ݉ ሺݎ ݉݅݊⁄ ሻ⁄  
ܿ ൌ ܿ݋݊ݏݐܽ݊ݐ 
Thus, 
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 since: 
߱ ൌ
2ߨ݊௠_௥௘௙
௠ 60
 
ܿ ൌ ௙ܶ௥ ൅ ܤ߱௠ െ ݉ · ݊௠_௥௘௙                                                                     ሺ9.10ሻ 
At synchronous speed ݊௠ ൌ ݊௦௬௡ ܽ݊݀ ூܶெ ൌ 0. Then from Eqn. 9.8 
0 ൌ ݉ · ݊௦௬௡ ൅ ܿ                                                                                            ሺ9.11ሻ 
Thus, combining Eqns. 9.10 and 9.11 we obtain: 
݊௦௬௡ ൌ െ
ܿ
݉
ൌ െ ௙ܶ௥
൅ ܤ߱௠ െ ݉ · ݊௠_௥௘௙
݉
ൌ ݊௠_௥௘௙ ൅ ݊௦௟௜௣             ሺ9.12ሻ 
From Eqn. 9.12 we obtain: 
௦௟௜௣ ݉
݊ ൌ െ ௙ܶ௥
൅ ܤ߱௠                                                                              ሺ9.13ሻ 
Having known  from Eqn. 9.12, the frequency to be applied to the induction motor can be 
݌ ൈ ݊
݊௦௬௡
calculated for a 4-pole motor as: 
௥݂௘௙ ൌ
௦௬௡
120
ൌ ௦௬௡
30
݊
                                                                             ሺ9.14ሻ 
The Eqns. 9.13 and 9.14
sub-system block (see Fi
 are used in the Simulink model to generate f_ref in f_ref_slip_comp 
g. 9.1). The ଵ
௠
 gain block used in this Simulink model has the value of 
704, which was calcul
mod  sub-system block. 
Using the dSPACE control desk the test has been carried out and the speed values measured for 
ferent reference
ated in the previous section (9.3). 
em block of real-time Simulink The input frequency to the Duty Cycle Generation IM sub-syst
peed-control is given from the f_ref_slip_compel for the V/f s
 speed ൫݊௠_௥௘௙൯ are listed in Table 9.4. 
 
the dif
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 Table 9.4 Measured speed values using the slip compensator 
m_ref [r/min] Actual speed nm [r/min] Reference speed n
500 504 
1200 1213 
2000 2027 
3000 3036 
 
The difference between the actual and reference speed values in Table 9.4 is due to the slip 
compensator gain block ଵ
௠
 in f_ref_slip_comp sub-system block in Simulink model. For 
nce speed values the f_ref_slip_comp sub-system block generates the 
ue
different input refere
9.5 Conclusion 
e-sp d characteristics. These characteristics are listed in 
Table 9.1. The average
compensator in f_ref_s
eq ncy ൫ ௥݂௘௙൯. corresponding reference fr
The reference frequency of the three-phase induction motor is generated by finding the slip 
frequency (Eqn. 9.12) using the torqu ee
 slope value (m) determined using these characteristics is used as the slip 
lip_comp sub-system block of the real-time Simulink model (Fig. 9.1) to 
obtain the speed-control of induction motor at constant V/f ratio. 
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 Chapter 10 
Conclusions and Future Scope of Study 
10.1 Conclusions 
The Thesis project was focused on lab experiments prepared for EE 4490 Adjustable Speed 
rives course, which is taught at Louisiana State University (LSU). The outcome of the project 
ave been modified to the needs of EE 4490 course and according to the 
otors (Experiment 8). Having 
e DSP controllers where Simulink 
drive models are used, and which allow controlling the real electromechanical systems in real-
time (Experiments 4, 5, 6, 7, 8). 
The use of dSPACE controllers, which utilize the Simulink modeling in Programming, is the 
major advantage over other systems in real-time control. 
Summarizing, the experiments prepared for Laboratory of EE 4490 course allow students to 
learn designing speed controllers of DC and AC drives and to control them in real-time. 
D
is the Lab Manual and this thesis, which is the lab report to the experiments described in the 
Manual. 
The Manual was prepared on the basis of DSP Based Electric Drives Laboratory User Manual, 
University of Minnesota.  
The experiments h
equipment available in Electrical and Computer Engineering Department at LSU. 
The Lab Experiments have been scheduled in such a way that students gradually learn modeling 
dynamics of electromechanical systems in Matlab/Simulink, beginning from very simple 
mechanical systems (Experiment 1) to more complex systems on feedback control of DC drives 
(Experiment 5 and 6) and open-loop V/f control of induction m
learned Simulink modeling students start programming th
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 10.2 Future Scope of Study 
 on control of DC electric drive. Only 
the last two experiments concerned the induction motor drive: One of them concentrated on 
ntrol of PM synchronous motor 
• Close-loop speed control of PM synchronous motor (brushless DC motor) 
• Switched reluctance motor drives 
All these experiments could enhance EE 7490: Advanced Electric Drives course taught for 
Thus, the future work should concentrate on the development of the above mentioned 
experiments. 
  
The experiments that were developed are mainly focused
determining the motor characteristics, the other one was on open-loop V/f speed control of 
induction motor. 
With the available lab equipment additional lab experiments on AC drives can be developed. 
Namely: 
• Close-loop vector control of induction motor 
• Open-loop speed co
graduate students. 
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